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 I
ABSTRACT 
This dissertation describes research into “Antennas with Frequency Domain Control 
for Future Communication Systems” and several novel antennas are shown, each of 
which addresses a specific issue for current and future communication systems, in 
terms of wideband coverage, channel capacity, antenna isolation and band-rejection. 
These antenna designs may be candidates for implementation in future multiband 
radios, and software defined radio (SDR) and cognitive radio (CR) systems, which are 
two new concepts in wireless communications in the foreseeable future, although it is 
evident that there are as yet no clear specifications for those future systems.  
 
A novel two-port reconfigurable antenna which can operate within a narrowband or 
wideband mode is presented. Three different structures of wideband reconfigurable 
balanced antennas, with a wide tuning range, have been proposed. When the balanced 
antenna is combined with the two-port chassis antenna, it becomes a reconfigurable 
MIMO antenna for small terminals and at least 15 dB of isolation is achieved. Several 
designs of conical monopole antennas, incorporating different types of slots to 
achieve good band-rejection behaviour, have been introduced. These are the 2 C-
shaped, 4 C-shaped slots, 4 U-shaped slots, 4 tilted-U-shaped slots and 4 U-C-shaped 
slots. The study of wideband antennas with notched-band behaviour using a simple 
equivalent circuit model has been proposed. It has been noted that increasing the 
number of resonators and the coupling factor will increase the band-rejection. 
However, it will also widen the bandwidth of the frequency notched band. A novel 
pyramidal monopole antenna, with four loop shaped slots, offering wide tunable 
band-notch, is also presented. 
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CHAPTER I 
INTRODUCTION 
1.1. Background 
Software defined radio, (SDR), and cognitive radio, (CR), are two new concepts in 
wireless communications that will, in the foreseeable future, have significant effects 
on antenna requirements in a host of applications from mobile phones to satellite 
communications. Software defined radio was first described by Mitola [1], as a 
system in which the majority of the functionality is defined by software algorithms. A 
cognitive radio (CR) is a wireless transponder that can sense the environment where it 
wishes to operate and can adapt itself to optimise its operation. Thus, it offers much 
promise to increase spectrum usage efficiency to users in a wide variety of 
applications, covering commercial, military and space communications [2]. Software 
defined radio is seen as an enabling technology for cognitive radio. Both terms, since 
their first description, have attracted increasing interest and driven significant world-
wide research. Fig. 1.1 shows a typical block diagram of cognitive radio architecture 
[3]. A wideband low noise amplifier (LNA) is needed in the search stream, followed 
by the sensing receiver, with coarse and fine sensing, shown in Fig. 1.1.  
 
 
Fig. 1.1 Cognitive Radio Architecture [3]
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There are no clear standards for SDR although possible specifications have been 
suggested [4] and shown in Table 1.1. The big effect on antenna design will be the 
frequency range, which approximately covers FM radio broadcast, private mobile 
radio, radio microphones, TV broadcast and the current mobile phone bands. It may 
also include ISM bands, WiFi and other possible bands. Cognitive radio has also been 
suggested in the ultra wideband (UWB) 3 to 10 GHz range [5], and in the 60 GHz [6] 
band. Such wide frequency ranges will pose enormous problems for antenna design, 
both for handsets and fixed installations. 
 
 
1.1.1. Antennas Challenges for Mobile Communications Handsets 
It is well known that the bandwidth and gain of an antenna are limited by its volume. 
Chu, [7], gave an expression for the minimum quality factor, Q, of an antenna, which 
shows that as the size relative to the wavelength reduces, so does the bandwidth. For 
linearly polarized lossless antennas the Chu limit can be expressed by equation (1.1). 
Similarly, the gain is shown by Harrington, [8], to also introduce with size. The 
relation can be expressed by equation (1.2): 
kaka
Q 1
)(
1
3                                                                                                           (1.1) 
)(2)( 2 kakaG                                                                                                       (1.2) 
where, k is the wave number associated with the electromagnetic field and a is the 
radius of a sphere which fits the whole antenna. The Chu-Harrington Limit implies 
Parameter Requirement 
Radio frequency range 100 MHz to 2.2 GHz 
Signal or channel bandwidth < 8 MHz 
Tx power 1 watt 
Table 1.1 Possible SDR requirements [4] 
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that it is not possible to cover such wide frequency ranges, suggested in Table 1.1, 
with a typical smart phone size. If this range is put into the Chu expression, the 
antenna must be much larger than the size of a handset. For example, if a handset size 
of 100x50 mm2 is considered, which represents a typical smart phone size, then the 
bandwidth (or frequency range), at the lowest frequency, is about 11 MHz, a number 
that in creases with frequency. It implies that the antenna must be either tunable, or 
capable of supporting many modes.   
 
Modern mobile handsets enable users to access a very wide range of different wireless 
communication standards, such as penta-band cellular services, Bluetooth, Wifi, FM 
radio, etc. With growing requirements for connectivity in a highly mobile 
environment, more standards and services are being rolled out (such as DVB-H, RFID, 
LTE, etc). If the trend continues, some believe that future mobile terminals will have 
a need for more than 20 antennas [9]. This will create a difficult challenge for the 
mobile terminal designer, who is already short of space to locate the antenna. To 
overcome this, reconfigurable antennas, incorporating switches or varactors, become a 
promising solution. Reconfigurable antennas also have potential applications to cover 
such wide bandwidth in cognitive radio.  
 
Besides, the next generation mobile phones are expected to support wideband radio 
links designed to handle large amounts of data. Multiple-input-multiple-out (MIMO) 
wireless systems have attracted increasing interest due to their potential for increased 
capacity in rich multipath environments. Such systems can be used to enable 
enhanced communication performance in terms of improved signal quality and 
reliability, by use of multi-path propagation, without requiring additional spectrum 
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bandwidth. A frequency agile MIMO antenna, with wide tuning range, will be 
demanded. It can also be employed for future cognitive radio (CR), for spectrum 
sensing and data transmission at the same time [10]. However, there is no literature 
regarding a reconfigurable MIMO antenna with a wide tuning range. 
 
1.1.2. Antennas Challenges for Indoor/Outdoor Base Station 
Congestion in the spectrum is becoming a serious problem and is leading to a variety 
of methods to allow interoperation and to release additional resources. One such 
method, the underlay approach keeps transmission power below the noise level and 
uses wideband waveforms to communicate, such as in the ultrawide band (UWB) 
system. Overlay methods use higher power and search for unused spectrum, as in 
cognitive radio. One CR standard, IEEE 802.22 [11], wireless regional area network 
(WRAN), will operate from 52-862 MHz, and requires a sensing antenna with as wide 
a bandwidth as possible, while maintaining an omni-directional pattern. In those 
applications there is a need for stopband capabilities to serve to protect the search 
receiver from saturation by high power legacy transmitters, operating in the local area. 
Whilst one solution to this problem is to insert a band-stop filter before the low noise 
amplifier (LNA) in the UWB receiver, this would increase the size, weight, and 
complexity of the system. An alternative solution is to design an antenna which 
incorporates an integrated band rejection filter.  Many researchers have proposed the 
planar printed UWB antenna incorporating a notch-band. However, many of the 
proposed solutions suffer from at least one of the following limitations: 1) poor 
rejection at the notch frequency, 2) complex structure which cannot be easily 
reconfigured; 3) poor omni-directional radiation pattern at frequencies within the 
operating band, which make them unsuitable for IEEE 802.22 applications [11] 
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1.2. Objectives of the Project 
The primary object of this research is to investigate antennas that can begin to 
approach the requirements for the systems described above. The study has been split 
into a number of areas as follows: 
1. Reconfigurable antennas which are suitable for use within small mobile 
terminals, capable of simultaneous wide tunable dual narrow-band operation 
as well as wideband performance; 
2. Frequency agile MIMO antennas, with a wide tuning range, providing low-
correlation and high efficiency; 
3. Wideband antennas with slots to achieve good band-rejection behaviour and 
omni-directional patterns at frequencies throughout the operating band, even at 
a high frequency, i.e. 10 GHz; 
4. Wideband antennas, with wide tunable frequency band-notch providing good 
band-rejection and stable omni-directional radiation patterns at frequencies 
throughout the operating band. 
 
1.3.   Layout of the Thesis 
The thesis consists of seven chapters. An overview of each chapter is given below. 
Chapter 1 provides introduction to the project and the layout of the thesis. Chapter 2 
discusses the background of antenna designs for future communications systems. The 
literature review covers reconfigurable antennas, MIMO antennas, wideband antennas 
with fixed band-notch and wideband antennas with tunable band-notch behaviour. 
Chapter 3 introduces a two-port reconfigurable antenna, which can operate within a 
narrowband or wide band mode. A new equivalent circuit for two-port chassis-
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antenna is proposed and discussed. Three different structures of wideband 
reconfigurable balanced antennas for use in current and future mobile wireless 
communication systems and their potential for reconfigurable MIMO applications are 
discussed in Chapter 4. Elliptical cone antennas incorporating different shaped of slots 
are proposed in Chapter 5. The significant characteristics study of wideband antenna 
with notched-band behaviour using a simple equivalent circuit model is also discussed.  
Chapter 6 introduces a novel pyramidal monopole antenna with tunable band-notch 
behaviour.  Fixed capacitors and varactor diodes, were used to adjust the notch band 
frequencies, are also discussed. Chapter 7 summarises some important conclusions 
derived from the research study and also gave some possible future extension of the 
work. 
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CHAPTER II 
OVERVIEW OF ANTENNAS FOR FUTURE 
COMMUNICATION SYSTEMS 
2.1. Literature Review 
2.1.1. Overview of Reconfigurable Antennas 
In recent years, reconfigurable antennas, both single element and arrays, have 
attracted increasing interest. The three main types of reconfiguration are:  
 Pattern reconfigurable 
 Polarisation reconfigurable 
 Frequency reconfigurable 
Radiation pattern reconfigurable antennas can be used to avoid noise sources or 
electronic jamming, improve security, and save energy by changing the directivity 
toward intended users. Therefore, this type of reconfiguration is a promising 
candidate for reinforcing the signal in a desired direction or suppressing the signal in 
undesired directions, in the fields of wireless communications, satellite 
communications, radar, etc. 
 
Polarisation reconfigurable antennas have been used to mitigate the detrimental fading 
caused by multipath and are used in broadband wireless communication systems, such 
as wireless local area networks (WLAN), satellite links, and space robots.  
 
Frequency reconfigurable antenna is one of the promising solutions to support 
multiple functions at multiple frequency bands and will significantly reduce the 
hardware size and cost.  
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2.1.1.1. Pattern Reconfigurable Antenna 
The field of pattern reconfigurable antennas is large and a few that are representative 
of what is done are now described. The most common way to obtain effective 
radiation pattern manipulation is to use an array of antennas (i.e. a phased array). Fig. 
2.1 shows the structure of a N-element linear array. All the elements are assumed to 
have identical amplitudes, and each succeeding element has β progressive phase lead 
current excitation relative to the preceding one. The total field can be formed by 
multiplying the array factor of the isotropic sources by the field of a single element. 
The array factor, F, can be obtained by the following equation [1]: 
)cos)(1()cos(2)cos( ...1    kdNjkdjkdj eeeF                 (2.1) 
where k is the wave vector of the incident wave, d is the separation of each element 
and β is the phase excitation difference between the elements. By varying the 
separation d and/or the phase β between the elements, the characteristics of the array 
factor and of the total field of the array can be controlled. Thus, pattern 
reconfiguration can be achieved. 
 
Fig. 2.1 Structure of N-element linear array 
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Ref. [2] introduces an electrically small, pattern reconfigurable Yagi antenna. Two 
directors are located on the two opposite sides of the driver, as shown in Fig. 2.2. The 
beam pattern can be switched by using a pin diode which is located on the bottom of 
the director. When switch 1 is on and switch 2 is off, the resonant frequency is 450 
MHz with 14.3 dB of return loss and the beam pattern is steered towards the director 
1 direction, as shown by the solid curve in Fig. 2.3. In the opposite state, the situation 
is reversed. The beam is steered towards director 2 as shown by the dashed curve in 
Fig. 2.3. 
 
 
 
Fig. 2.3 Patterns in azimuth plane of the small reconfigurable Yagi antenna [2] 
 
Fig. 2.2 Geometry of small reconfigurable Yagi antenna [2] 
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Another simple radiation pattern reconfigurable example is presented in ref. [3]. Fig. 
2.4(a) shows the concept of how to reconfigure the radiation pattern. The structure of 
the antenna is shown in Fig. 2.4(b). By controlling the switch states, the antenna can 
be worked as a monopole antenna with an omni-directional radiation pattern or a 
dipole antenna with reflector, which has directional radiation pattern, as shown in Fig. 
2.4(a). The measured results show that at switches ‘off’ state, the bandwidth is 2.18 - 
2.53 GHz while 2.37 – 2.73 GHz at switches ‘on’ state. Thus, this antenna provides 
both pattern and frequency reconfigurations. 
 
(a) 
 
(b) 
Fig. 2.4 (a) Concept of proposed pattern reconfiguration antenna; (b) Schematic of 
the pattern reconfiguration dipole antenna [3] 
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The last but not the least example is a wideband circular antenna array with a 
reconfigurable radiation pattern in ref. [4]. The array consists of eight TEM horn 
antennas and is fed through eight reconfigurable bandstop filters and a power splitter, 
as shown in Fig. 2.5(a). The prototype of the TEM horn array is shown in Fig. 2.5(b). 
When each of eight ports is excited by a signal which has the same magnitude and 
phase, the antenna provides an omni-directional radiation pattern, i.e. the solid line 
shown in Fig. 2.6. By disconnecting certain elements within the array, a pattern notch 
can be created, i.e. the dashed line shown in Fig. 2.6. This pattern reconfigurable 
antenna array would be useful in combating interference in wideband communication 
systems or spectrum search in cognitive radio systems. 
 
 
(a) 
 
(b) 
Fig. 2.5 (a) Architecture of the wideband antenna with reconfigurable pattern 
notch; (b) Prototype of the TEM circular array [4]
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2.1.1.2. Polarisation Reconfigurable Antenna 
The patch antenna has been widely used for polarisation reconfiguration due to the 
desirable features such as low profile and simplicity of manufacture. Ref. [5] presents 
a patch antenna with switchable slots that can achieve right hand circular polarization 
(RHCP) and left hand circular polarization (LHCP) with a single feeding port, as 
shown in Fig. 2.7. The patch size is 18 × 18 mm2 for operation at 4.64 GHz and the 
ground plane size is 40 × 40 mm2. Two orthogonal and identical slots are etched into 
the patch and two pin diodes are inserted into the centre of the slots. A bias circuit is 
used to control the status of the diodes and two capacitors are soldered onto the edges 
of the slots to isolate the dc while maintaining continuity for the RF, as shown in Fig. 
2.7. During the measurement, conductive metal tabs are used to represent switch 
diodes. By controlling status of the switch diodes, the antenna can switch between 
radiating a RHCP and LHCP pattern with the same feeding port. The best axial ratio, 
shown in ref. [5], is achieved at 4.64 GHz with 3% CP bandwidth according to an 
axial ratio criterion of 3 dB. 
 
Fig. 2.6 Radiation patterns at 0.8 GHz for the TEM circular array [4] 
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The second example is a circular coplanar-waveguide (CPW)-fed microstrip antenna 
[6] with polarization reconfigurable features. The circular-patch antenna is excited by 
a diagonal slot and the CPW open end, as shown in Fig. 2.8(a). The two sets of 
symmetrical coupling diagonal slots, incorporating two pairs of pin diodes, have ±45˚ 
inclination to the CPW open end and, as shown in Fig. 2.8(b). A dc-bias voltage is 
supplied through a divided ground plane, as shown in Fig. 2.8(a) and large capacitors 
are built over the slits by stacking copper strips and adhesive tapes (upper layer on Fig. 
2.8a). By switching on a pair of diodes while the other is OFF, the antenna can switch 
between the RHCP and LHCP states. The measured axial ratio (AR) shown in ref. [6], 
occurs at the same frequency (5.8 GHz), is approximately 1.8% (AR < 3 dB). 
 
Fig. 2.7 Geometry of a patch antenna with switchable slots for RHCP/LHCP) 
diversity [5] 
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The last but not the least interesting example is a reconfigurable circularly-polarized 
(CP) microstrip array antenna with conical-beam radiation, which is described in ref. 
[7]. The antenna structure consists of four L-shaped patch antennas arranged in a 
square-ring formation and each of them is shorted to the ground plane through two 
groups of conducting walls, i.e. group A and group B. The shorting walls of group A 
and B are connected to the L-shaped patches through capacitors of 100 pF and pin 
diodes, respectively. For a simple DC bias network, a thin pin is used to connect the 
L-shaped patches and an isolated circular pad from the ground plane then the positive 
and negative of the battery are linked to the pad and ground plane, respectively, as 
shown in Fig. 2.9. As with a top-loaded monopole feed, two orthogonal resonant 
 
(a) 
 
(b) 
Fig. 2.8 (a) Circularly polarized reconfigurable structure; (b) Position of the ideal 
short circuit in the slots [6] 
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modes, loop mode and monopole mode, can be excited simultaneously. However, 
with only group A of conducting walls, LHCP is obtained while incorporating two 
groups of conducting walls simultaneously, RHCP is obtained. Measured results show 
that the 3 dB axial ratio for LHCP is 1.6% with respect to the centre frequency of 
2475 MHz and the RHCP operating bandwidth is 2% with respect to the centre 
frequency of 2895 MHz. 
 
 
 
Fig. 2.9 Structure of a reconfigurable circularly-polarized microstrip array 
antennas [7] 
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2.1.1.3. Frequency Reconfigurable Antenna 
Many papers discuss frequency reconfigurable antennas. The details of a number of 
them are summarised in Appendix A. The main techniques to achieve frequency 
reconfiguration are, a) selectively switching in or out parts of the antenna structure, or 
switching between different external matching circuits; b) adjusting the loading of the 
antenna externally, i.e. varactor diodes; c) changing the substrate characteristic, i.e. 
permittivity; and d) changing the antenna geometry by mechanical movement. 
 
Switching or tuning within an antenna or in an external circuit can be achieved by 
means of PIN diodes, GaAs FETs (Gallium Arsenide Field-Effect Transistor), MEMS 
(Microelectromechanical Systems) devices or varactors [8, 9]. MEMS devices have 
the advantage of very low loss, but the disadvantages are high operating voltage, high 
cost and lower reliability than semiconductor devices [10]. GaAs FETs used in 
switching mode, with zero drain to source bias current, have low power consumption 
but poorer linearity and higher loss. PIN diodes can achieve low loss at low cost, but 
the disadvantage is that in the on state there is a forward bias dc current, which 
degrades the overall power efficiency. Varactor diodes have the advantage of 
providing continuous reactive tuning rather than switching, but suffer from poor 
linearity. Changing the substrate permittivity to shift the resonant frequency is another 
approach, but the cost may be problematic. Adjusting the resonant frequency by 
changing the antenna geometry using mechanical movement can provide lossless and 
ideal linearity. However, it needs mechanical adjustment and requires more time for 
switching between frequency operating bands. 
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2.1.1.3.1.  Reconfiguration by Switches  
A significant number of reconfigurable antennas incorporating switches, both 
switching in or out parts of the antenna structure or switching between external 
matching circuits, have been summarised in Appendix A. Examples reviewed in this 
section are representative of that extensive literature.  
 
Ref. [11] presents an antenna system consisting of two self-diplexing planar inverted 
F antennas (PIFAs) that are co-designed with an antenna interface module (AIM) that 
contains switches, filters, matching, and interconnects realised in conventional 
technologies. Diplexing is achieved by using two antennas, as shown in Fig. 2.10, i.e. 
one for the low-band group and anther for the high-band group. The co-design of two 
PIFAs with an antenna interface module (AIM), as shown in Fig. 2.11, allows a 
reconfigurable system with more optimal antenna matching to be achieved to cover a 
number of bands with reduced both dimensions and losses. By incorporating 8 
switches which were connected to 8 different impedance matching circuits, 8 different 
operating bands were obtained, such as 0.824 to 0.849 GHz, 0.880 to 0.915 GHz, 
0.925 to 0.960 GHz, 0.824 to 0.894 GHz, 1.710 to 1.785 GHz, 1.850 to 1.910 GHz, 
1.850 to 1.990 GHz, and 1.920 to 2.170 GHz. 
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Fig. 2.11 Overall system schematic of the antenna interface module (AIM) [11] 
Fig. 2.10 Structure of a five-band, seven-mode reconfigurable antenna and antenna 
interface module [11] 
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Ref. [12] describes a single port chassis antenna, which incorporates 17 matching 
circuits to cover from 76 MHz to 2500 MHz and 5 matching circuits to cover from 
470 MHz to 2500 MHz. Switches were used to connect different impedance matching 
circuits. Fig. 2.12 shows the antenna concept which consists of a coupling element to 
excite the entire PCB (Printed Circuit Board), i.e. chassis, of the mobile to act as 
antenna and a tuning network to optimize the coupling according to the requirements 
in the different frequency bands of the applications. 
 
 
A Vivaldi antenna, shown in Fig. 2.13, with a capability to operate in wideband or 
narrowband operations is presented in ref. [13]. Four pairs of switchable ring slots 
were introduced to change the wideband properties into narrower pass bands. A 
wideband operation was achieved when all ring slots are decoupled from the tapered 
slot, by short circuiting all the gaps to provide a smooth flow of induced current along 
the tapered profile. To obtain the narrowband mode, ring slots in lowermost, middle 
and uppermost positions were coupled or decoupled. In wideband mode, the antenna 
covered from 1 to 3.2 GHz. In narrowband mode, three sub bands, low band 1.1 GHz, 
mid band 2.25 GHz and high band 3.1 GHz, were achieved.  
Fig. 2.12 Geometry of a single port chassis antenna [12] 
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A reconfigurable printed dipole antenna is presented in ref. [14]. Six ideal switches on 
each dipole arm, as shown in Fig. 2.14, were used to obtain seven frequency bands, 
such as 0.9 GHz, 1.05 GHz, 1.205 GHz, 1.46 GHz, 1.75 GHz, 2.05 GHz and 2.77 
GHz, with approximate values of return loss from 16 dB to 31 dB. Fig. 2.14 shows the 
harmonic trap which is used to eliminate the higher order modes. The radiation 
patterns for those resonant frequencies in E-plane, described in ref. [14], show that 
nulls occur at the higher frequency bands. The authors in ref. [14] believe the 
degradation in the radiation patterns is due to the tapered ground plane. 
 
 
                                (a)                                                                     (b) 
Fig. 2.14 Printed dipole antenna with harmonic trap, a) topside, b) backside [14] 
 
Fig. 2.13 A Vivaldi antenna incorporating four pairs of switchable ring slots [13] 
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2.1.1.3.2.  Reconfiguration by Varactor Diodes 
Many papers discussed reconfigurable antennas incorporating varactor diodes and 
most of them have been summarised in Appendix A.  
 
Ref. [15] presents a two-port chassis-antenna to cover the DVB-H band (470 to 702 
MHz) and EGSM-900 (880 to 960 MHz) simultaneously. The tunable DVB-H 
antenna is mounted on a 110mm×50mm printed circuit board. The antenna for the 
EGSM band is located on the side of PCB and opposite to the antenna for the DVB-H 
band, as shown in Fig. 2.15. The DVB-H band is achieved by an external matching 
circuit, consists of an anti-series varactor pair in series with an inductor. A filter is 
added to the matching circuit to block EGSM TX to the DVB-H antenna. 
 
 
A design of low profile reconfigurable microstrip patch antenna is presented in ref. 
[16]. The antenna, with a total size of 50×50×1.57 mm3, consists of four sub-patches 
connected to one feed line, as shown in Fig. 2.8. Each sub-patch generates a single 
band. When the antenna is not biased, the resonant frequencies for the antenna are 
0.92 GHz, 1.7 GHz, 1.95 GHz, 2.4 GHz and 2.9 GHz, respectively. By placing a 
 
Fig. 2.15 Structure of two port chassis-antenna, tunable DVB-H antenna together 
with an EGSM antenna [15] 
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variable capacitor at the input of the sub-patches, the frequency for the best match can 
be tuned over a wide range from 0.92 to 2.98 GHz. Fig. 2.17 shows the radiation 
patterns for E and H planes when all switches set to be 0V at the fundamental 
frequencies.  
 
 
Fig. 2.16 Structure of a reconfigurable microstrip patch antenna, which consists of 
four sub-patches connected to one feed line [16] 
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(a) 0.92 GHz 
 
(b) 1.7 GHz 
 
(c) 1.95 GHz 
 
(d) 2.4 GHz 
 
(e) 2.9 GHz 
Fig. 2.17 Radiation patterns for E and H plane when all switches set to be 0V at (a) 
0.92 GHz; (b) 1.7 GHz; (c) 1.95 GHz; (d) 2.4 GHz and (e) 2.9 GHz [16] 
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A printed loop-monopole wide frequency tunable reconfigurable antenna is presented 
in ref. [17]. The antenna consists of a tunable monopole and an adjustable loop 
antenna, as shown in Fig. 2.18. The loop section controls the tuning of an upper 
frequency band by using a bank of RF switches while the monopole part contributes 
to the tuning of the lower band by using an LC (varactor)-tank resonating tuner. 
Although the whole size of the PCB has not been provided in ref. [17], the size of the 
antenna element is 41×13 mm2. The proposed antenna can operate for a tuning range 
from 700 MHz to 6 GHz with at least 6 dB return loss. Ref. [17] shows the antenna 
has an omni-directional pattern at 900 MHz with 1.19 dB gain. However, nulls occur 
at higher frequencies, such as 2.2 GHz, with 4.9 dB gain.  
 
 
A frequency tunable coplanar waveguide (CPW)-fed coplanar strip (CPS) dipole 
antenna using varactors is presented in ref. [18]. A wide band coplanar waveguide-to-
coplanar strip balun is used to transform the unbalanced CPW feed line to balanced 
CPS feed line for the dipole antenna, as shown in Fig. 2.19. The whole length of the 
dipole is 30 mm. However, the size of substrate is not shown. Two varactors were 
 
Fig. 2.18 A layout diagram of the printed loop-monopole wide frequency tunable 
reconfigurable antenna [17] 
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integrated with CPS dipoles to form integrated antennas. Ref. [18] shows that the CPS 
dipole antenna has two distinct operating frequencies of 2.065 GHz and 3.955 GHz. 
The frequencies can be electrically tuned by varying the varactor bias voltages. The 
tuning range of the two operating bands was from 2.065 to 2.365 GHz and from 3.505 
to 3.955 GHz, respectively. The radiation patterns for both E and H planes show low 
cross-polarization and low side lobes. 
 
 
2.1.1.3.3.  Reconfiguration by Changing Substrate Characteristic 
Ref. [19] proposes the use of a liquid crystal substrate for a patch antenna whose 
frequency can be tuned by changing the biasing voltage across the substrate, shown in 
Fig. 2.20. The simulations showed that by varying the biasing voltage from 0 V 
through 11 V, the operating frequency of the circular patch antenna can be varied 
from 1.08 GHz through 2.35 GHz. Neither gain nor radiation pattern is discussed in 
ref. [19].  
Fig. 2.19 Structure of frequency tunable CPW-fed CPS dipole antenna using 
varactors [18] 
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Ref. [20] presents a microstrip antenna on a ferrite substrate whose resonant 
frequency can be tuned by varying the DC magnetic bias field applied to the ferrite. 
The geometry and co-ordinate system are shown in Fig. 2.21. The size of the substrate 
is not shown, but the size of the patch is 14×18 mm2. A permanent magnet is used on 
the ground plane side of the substrate with adjustable spacers to control the strength of 
the bias. The magnetic bias can be achieved along one of three possible principal axes. 
The resonant frequency of the unbiased antenna is 4.6 GHz. For the x- and z- biased 
directions, the resonant frequency increases from 4.6 to 5.5 GHz while the resonant 
frequency decreases from 4.6 to 2.8 GHz for the y-bias direction with at least 10 dB 
return loss. Ref. [20] shows that co-polarised patterns are similar to those of a patch 
element and the back lobe radiation appearing in the results is caused by the small 
ground plane of the substrate. 
 
Fig. 2.20 A typical profile of the permittivity for a patch antenna with an LC 
substrate and a bias voltage. [19] 
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2.1.1.3.4. Reconfiguration by Mechanical Movement 
Ref. [21] presents an antenna scheme suitable for cognitive radio (CR) applications. A 
UWB sensing antenna and a frequency reconfigurable communicating antenna are 
incorporated together into the same antenna substrate, as shown in Fig. 2.22. The 
antenna is printed on a 70×50 mm2 substrate. The UWB antenna searches for 
available spectrum holes while the reconfigurable antenna simultaneously tunes its 
frequency to that frequency determined by the sensing antenna. Tunability was 
achieved by a rotational motion of a series of antenna patches, as shown in Fig. 2.23. 
The sensing antenna can cover from 2 to 10 GHz. Fig. 2.24 shows the return loss for 
the five different patches. It is clear that each patch on the rotating section resonates at 
a different band and the five patches cover from 2 to 10 GHz. The radiation patterns, 
for both the sensing antenna and all the different stages of the rotating section, are not 
quite omni-directional and become worse at higher frequencies.  
 
Fig. 2.21 Geometry and co-ordinate system for a rectangular microstrip antenna on 
a ferrite substrate [20] 
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Fig. 2.23 Antenna reconfigurability process [21] 
 
 
Fig. 2.24 A comparison between the measured and simulated reflection coefficient 
for the reconfigurable antenna with different shapes shown in Fig. 2.23 [21] 
 
Fig. 2.22 The fabricated prototype combined with a UWB sensing antenna and a 
frequency reconfigurable communicating antenna. [21] 
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2.1.1.3.5.   Summary of Frequency Reconfigurable Antenna 
The summary in Appendix A shows that there were many antenna designs available 
for handset application in the open literature. However, in those literatures only the 
antenna in ref. [12] can cover from 470 MHz up to 2450 MHz. There is no antenna 
with dual-band simultaneous operation which can continuously cover from DVB (470 
MHz) to Wifi (2450 MHz) Bands. Ref. [12] describes a single port chassis antenna, 
which has the widest covering range. The antenna incorporates 17 matching circuits 
to cover from 76 MHz to 2500 MHz and 5 matching circuits to cover from 470 MHz 
to 2500 MHz. However, there are two disadvantages. Firstly the large number of 
switches will introduce significant losses and secondly the antenna is limited to one 
band at a time and is thus not suitable for terminals which require more than one 
service access. 
 
2.1.2. MIMO Antenna 
Designing a MIMO antenna that is able to access a very large number of multiple 
wireless communication standards is a formidable challenge for the mobile terminal 
designer, who is already short of space in which to locate the antennas. Several papers 
discuss MIMO antennas [22-33]. Both isolation and correlation coefficient between 
antennas are important features. In general, lower isolation will result in lower 
correlation. Isolation higher than 10 dB or correlation below about 0.4 will lead to 
useful capacity increases in MIMO systems. The techniques to achieve low 
correlation are: 
1. design the antennas with different radiation patterns [22-24];  
2. apply a decoupling network between antennas [25-28];  
3. use EBG substrates to reduce the mutual coupling among the antennas [29-30];  
 - 31 -
4. etch the ground plane between two antennas [31-32];  
5. introduce a parasitic element along the ground plane to achieve high isolation 
(i.e. a T-shaped shorted strip along the ground plane in [33]. 
 
2.1.2.1. Techniques of Reducing Coupling 
2.1.2.1.1. Design with Different Radiation Patterns 
Ref. [22] presents a combination of a monopole with dense meandering end and a 
PIFA with a shorted parasitic branch. The size of the prototype is 100×43×9 mm3. 
The main antenna is a monopole with one of the branches forming a patch with dense 
meandering end, which is placed at the bottom end of the prototype, as shown in Fig. 
2.25. The diversity antenna is a PIFA with a shorted parasitic branch, which is located 
at the other end of the prototype. Simulation shows each of the antennas covers the 
bands of 869-894 MHz, 1805-2170 MHz with 6 dB return loss. The isolation is above 
3 dB and 10 dB at lower and higher bands, respectively. The values of mean effective 
gain, at free space, for both antennas, are between -6 to -8 dBi at the lower band and -
4 to -8 dBi at higher band. Ref. [22] describes the magnitude radiation patterns of the 
main and diversity antenna at 0.88 GHz in both free space and user’s hand, 
respectively. The results show that the user hand alters the radiation characteristics of 
the two antennas, creating more difference between their magnitude patterns than in 
free space. It leads to the correlation, between the two antennas, dropping from 0.51 
(in free space) to 0.34 (in user’s hand). 
 - 32 -
 
 
A LTE MIMO system, which combines an adjustable antenna with several matching 
circuits and a passive antenna which is loaded with a ceramic branch and incorporates 
a matching circuit, is shown in Fig. 2.26 [23]. By incorporating different matching 
circuits, the MIMO antennas can cover LTE bands 12, 13, 14 and 17 (698-798 MHz) 
as well as band 7 (2500-2690 MHz), GM850 (824-894 MHz), EGSM900 (880-960 
MHz), PCN (1710-1880 MHz), PCS (1850-1990 MHz) and UMTS (1920-2170 MHz) 
with return loss above 6 dB and isolation above 10 dB. The values of total efficiency 
for both antennas are least -4.2 dB at low band (700 – 960 MHz), at least -3.4 dB at 
mid band (1730 – 2170 MHz), and at least -3.5 dB at high band (2520 – 2680 MHz). 
 
Fig. 2.25 Structure of a monopole with dense meandering end and a PIFA with a 
shorted parasitic branch [22] 
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Fig. 2.27 shows an internal handset antenna array [24] with main and auxiliary 
antennas for MIMO operation to cover LTE bands 704-787 and 2300-2690 MHz with 
return loss above 6 dB and isolation above 10 dB. 
                                                                      (a) 
(b) 
Fig. 2.26 A LTE MIMO system is combined with two antennas, i.e. a) adjustable 
antenna with matching circuits; and b) passive antenna loaded with ceramic branch 
and incorporating a matching circuit. [23] 
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2.1.2.1.2. Decoupling Network 
Ref. [25] demonstrates a MIMO system using two PIFAs positioned on the top corner 
of a PCB, incorporating a neutralisation link between the feeding strips (shown in Fig. 
2.28), it is possible to achieve the mutual coupling below -18 dB at the resonant 
frequency of 1.96 GHz. It is an improvement of 10 dB relative to the reference 
structure without the neutralisation link. From the radiation pattern point of view, the 
EØ patterns are not affected by the introduction of the neutralised line, but the Eθ 
patterns have changed. Ref. [25] concludes that strong currents, flowing in the 
neutralisation link and perpendicular to the main currents flowing on the PCB and the 
PIFAs, are responsible for the different shape amount of the Eθ patterns. There is also 
a small increase in the measured maximum gain in the xz-plane, 0.7 dBi, due to the 
improved isolation. 
Fig. 2.27 Geometry of the internal handset antenna array [24]
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A decoupling technique, using the circuit approach, for improving the isolation for 
between two closely spaced antennas is shown in Fig. 2.29 [26]. Two examples are 
given, namely printed monopole antennas and miniaturized monopole antennas, 
respectively. The decoupling network is comprised of a shunt capacitor between the 
two ports and a simple L-section matching network on each port. With the decoupling 
network, the isolations is greatly improved from 3 dB to more than 20 dB at the centre 
frequency at around 2.45 GHz while the input return losses remained better than 10 
dB. 
 
Fig. 2.28 3D view of the two PIFAs structure with the neutralisation link between 
the feeding strips. [25] 
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A dual band MIMO antenna [27] is shown in Fig. 2.30 for operation in the 2.4 GHz 
and 5.2 GHz WLAN bands. By using a chip inductor between the two antennas, it is 
possible to have the isolation of about 20 dB at the lower band and over 18 dB at the 
upper band. 
 
 
 
                                (a)                                              (b) 
Fig. 2.29 The configuration of the two closely spaced antennas, (a) printed 
monopole antennas and (b) miniaturized monopole antennas [26]
 
Fig. 2.30 Geometry of MIMO antenna with chip inductor in the middle [27] 
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Ref. [28] describes a MIMO antenna incorporating a decoupling network, which 
consists of two transmission lines, a shunt reactive components and quarter-
wavelength jointed shorting structure, as shown in Fig. 2.31. The isolation is 
improved from 6 dB to more than 15 dB in the LTE band 13 (i.e. 770 MHz), while the 
input return losses remain better than 6 dB. 
 
 
2.1.2.1.3. EBG Structure  
Four columns of fork-like EBG patches are inserted between the E-plane coupled 
antennas to reduce the mutual coupling, as shown in Fig. 2.32 [29]. When the EBG 
structure is employed, a 6.51 dB mutual coupling reduction is achieved at 5.2 GHz.  
 
 
                               (a)                                                              (b) 
Fig. 2.31 Geometry of (a) MIMO antenna with (b) decoupling network [28] 
 
                                              (a)                                                                 (b) 
Fig. 2.32 (a) Microstrip antennas separated by the fork-like EBG structure for a 
low mutual coupling. Four columns EBG patches are used; (b) a fork-like EBG 
structure [29] 
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A mushroom-like EBG structure is implemented in the design of microstrip antenna 
arrays to reduce the strong mutual coupling is shown in Fig. 2.33 [30]. With the 
mushroom-like EBG structure, it is possible to improve the isolation from 16.15 to 
25.03 dB at the resonant frequency, 5.86 GHz. 
 
 
2.1.2.1.4. Ground Plane Slots 
Ref. [31] introduces a dual-feed planar PIFA. Two isolated feeding ports are using 
one common radiating plate. The main technique introduced is to etch the ground 
plane under the radiating plate, as shown in Fig. 2.34, to reduce the mutual coupling. 
Simulation shows both branches of the antenna have a -10 dB bandwidth from 2.35 to 
2.55 GHz with isolation better than 9 dB.  
 
 
                                       (a)                                                                      (b) 
Fig. 2.33 (a) Microstrip antennas separated by the mushroom-like EBG structure 
for a low mutual coupling. Four columns EBG patches are used; (b) a mushroom-
like EBG structure [30] 
 
Fig. 2.34 Geometry of dual-feed PIFA for MIMO applications [31] 
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A MIMO antenna with two closed PIFAs incorporating a slit on the ground plane 
between two antennas is shown in Fig. 2.35 [32]. The isolation is improved by 12 dB 
at 2.53 GHz. 
 
 
2.1.2.1.5. Parasitic Elements 
Ref. [33] presents a MIMO system using three EMC chip antennas in a PDA phone 
(as shown in Fig. 2.36) to generate a wide bandwidth covering WLAN (i.e. 2.4 GHz). 
By introducing a T-shaped shorted strip along the side edge of the system ground 
plane to modify the surface-current distributions on the ground plane, it is possible to 
achieve the isolation above 20 dB. 
 
Fig. 2.35 Geometry of two closely-packed PIFAs with slotted ground plane 
structure [32] 
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2.1.2.2. Summary of MIMO Antennas 
In conclusion, only the antennas proposed in refs. [23-24] can provide multi-band 
MIMO operation for small terminals. These two antennas in [23-24] have limited 
frequency range and are therefore not suitable for cognitive radio which might require 
(a) 
 
(b) 
Fig. 2.36 (a) Configuration of the three-antenna MIMO system with a T-shaped 
shorted strip; (b) detailed dimensions of the metal pattern of the EMC chip antenna 
unfolded into a planar structure in the proposed MIMO system. [33] 
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a frequency agile MIMO antenna, with wide tuning range, for spectrum sensing and 
data transmission at the same time [34]. 
 
2.1.3. Wideband Antennas with Fixed Band-Rejection 
Several designs have been proposed for planar printed UWB antennas incorporating a 
fixed notch-band [35-44]. The most widely used methods involve inserting slots into 
the radiating elements or the ground plane [35-42]. C shaped [35], U shaped [35-36], 
L shaped [37], ring slot [38], CPW slot [39], meandered grounded stubs [40], and 
dual-gap open-loop slot [41] have been demonstrated. Another popular method is to 
use a resonator on the other side of the substrate, such as split ring resonators (SRRs) 
[42], square ring resonator [43], or a dual-gap open-loop resonator [41]. Parasitic 
elements have also been used to achieve band rejection behaviour. For example, 
Nikolaou et al. used L shaped resonators on either side of the radiating element [44]. 
These designs are now described in detail. 
  
In ref. [35], CPW-fed compact elliptical monopole UWB antennas, having a U-shaped 
slot and a C-shaped slot, shown in Fig. 2.37 respectively, are introduced. The band 
rejection characteristic is caused by the presence of an approximately 2 slot at 5.8 
GHz. The C-shaped slot resulted in a frequency notch band with significantly 
increased bandwidth compared to U-shaped slot. The values of gain suppression were 
10 dB and 5 dB for U-shaped and C-shaped slots, respectively. 
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A CPW-fed UWB antenna with dual band-notched characteristics is proposed in ref. 
[36]. By etching two symmetrical rectangle slots in the ground plane nearby the feed 
line, a notched band at 5.5 GHz is obtained. The other notched band at 3.5 GHz is 
implemented by slotting a rectangle split ring slot in the radiator, as shown in Fig. 
2.38. The gain suppression for those two notch bands were 7 dB and 9 dB, 
respectively. However, inserting slots on ground plane will reduce space and it will be 
concerned if in the case system designers want to place components on the ground 
plane. 
 
 
 
Fig. 2.38 A CPW-fed UWB antenna with dual band-notched characteristics [36] 
 
 
 
Fig. 2.37 CPW-fed compact elliptical monopole UWB antennas integrated a U-shaped 
slot and a C-shaped slot, respectively [35] 
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An UWB antenna with a narrow frequency notch is presented in ref. [37]. The 
frequency notch at 5.65 GHz is introduced by two slots near the coplanar waveguide 
feeding the patch, as shown in Fig. 2.39. Performance on gain suppression for this 
antenna is not provided in ref. [37]. This proposed antenna has the same concerns 
about space of ground plane as the one in ref. [36]  
 
 
Ref. [38] introduces a planar circular patch monopole UWB antenna with multiple 
etched ring slots on the patch, as shown in Fig. 2.40. The results showed that the 
antenna covers an ultra wide frequency band of 2.1-10.5 GHz (defined by VSWR<2) 
of 2.23-2.45, 2.36-3.48 and 5.54-5.88 GHz, respectively. The values of gain 
suppression for those three notch band were 8 dB, 4 dB, and 8 dB, respectively. 
 
 
Fig. 2.39 An UWB antenna incorporating two slots [37] 
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A compact UWB monopole antenna [39] with a dual-band notched characteristic is 
shown in Fig. 2.41. The antenna consists of a semi-circular radiator and a dual-
coplanar-waveguide (CPW) resonator, has two notched bands at the center 
frequencies of 3.5 and 5.5 GHz in the UWB region, with gain suppression of 8 dB and 
7 dB, respectively. 
 
 
 
  
                                                    (a)                                      (b) 
Fig. 2.41 A compact UWB monopole antenna with a dual-coplanar-waveguide 
resonator [39], a) layout of the antenna; b) layout of CPW resonator 
 
Fig. 2.40 A planar circular patch monopole UWB antenna with multiple etched ring 
slots on the patch [38] 
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The use of meandered grounded stubs in a dual band-notched planar-monopole 
antenna is shown in Fig. 2.42 [40]. The results showed that the two sets of dual-band 
notches were at the lower WLAN band (5.15-5.35 GHz) and higher WLAN band 
(5.725-5.825 GHz) with gain suppression of 9 dB and 4 dB, respectively. 
 
 
Two UWB antennas incorporated an open-loop resonator, which was printed onto the 
reverse side of the substrate material, and a dual-gap open-loop resonator, which was 
cut into the disk monopole, respectively, are presented in ref. [41], and are shown in 
Fig. 2.43. By printing the open-loop resonator onto the back of the substrate, it has an 
11 dB gain suppression at 5.244 GHz. In the dual-gap open-loop resonator etched into 
the disk monopole, the notch band was centred at 4.13 GHz with 5.8 dB gain 
suppression.   
 
Fig. 2.42 an UWB antenna incorporating two meandered grounded stubs [40] 
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In ref. [42], a CPW fed UWB planar monopole antenna was proposed as shown in Fig. 
2.44 (a). By embedding a split ring resonator (SRR) array, as shown in Fig. 2.44 (b), 
at the region between antenna and ground plane a notch band at around 5.5 GHz with 
gain suppression of 14 dB is obtained.  
 
 
 
                                            (a)                                               (b) 
Fig. 2.44 (a) Illustration of the UWB band notched antenna with the SRR array at the 
back of the substrate; (b) Close up view of the SRR element with dimensions [42] 
  
                          (a)                                                                         (b) 
Fig. 2.43 (a) structure of the UWB antenna with an open-loop resonator; (b) a UWB 
antenna incorporating a dual-gap open-loop resonator cut into the disk monopole [41]
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An UWB microstrip slot antenna with a square ring resonator embedded in the tuning 
stub was proposed in ref. [43], as shown in Fig. 2.45. The results showed the band-
notched frequency is at 5.5 GHz with peak gain suppression of about 18 dB. 
 
 
A CPW-fed compact elliptical monopole UWB antenna [44] with two resonating 
inverted L-shaped stubs that are connected to the elliptical radiator is shown in Fig. 
2.46. The notch band centre frequency is at 5.5 GHz with 5 dB of gain suppression. 
 
 
Fig. 2.46 a CPW-fed compact elliptical monopole UWB antenna incorporating two 
resonating inverted L-shaped stubs [44] 
 
Fig. 2.45 an UWB microstrip slot antenna with a square ring resonator embedded in 
the tuning stub [43] 
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In conclusion, Lui et al. [43], described an UWB slot antenna incorporating a square 
ring resonator, which provides about 18 dB of peak gain suppression, and claimed it 
to be the best gain suppression currently available in literature. However, many of the 
proposed solutions suffer from at least one of the following limitations: 1) poor 
rejection at the notch frequency, 2) poor omni-directional radiation pattern at 
frequencies within the operating band, and are thus not suitable for IEEE 802.22 
applications [45]. 
 
2.1.4. Wideband Antennas with Tunable Notched Band Frequency 
In the previous section, wideband antennas with fixed band-rejection have been 
reviewed. It is clear that the notch band frequencies can only be changed by 
modifying the length of slots prior to manufacture. Several designs have been 
proposed for planar printed UWB antennas incorporating a tunable notch-band [46-
49].  
 
Ref. [46] presents a planar monopole with an etched square ring slot to create band 
rejection. The monopole is perpendicular to the ground plane, as shown in Figure 2.47. 
A varactor diode is used to obtain a tunable band rejection capability from 5.2 – 5.8 
GHz. The gain suppression is around 8 dB. 
 
 
Fig. 2.47 Planar wideband monopole perpendicular to ground plane [46] 
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A planar monopole [47] using two slots to demonstrate dual band notches is shown in 
Fig. 2.48. One capacitor is used in each slot to tune the corresponding band notch in 
the demonstration. However, the capacitor can be replaced by a varactor diode. When 
incorporating two capacitors with value of 0.1 pF, it provided about 8 dB of gain 
suppression, at 3.5 GHz and 4.8 GHz, respectively. 
 
 
In [48], a short circuited quarter wavelength stub with a varactor is applied to a 
wideband planar monopole as shown in Fig. 2.49. A tuning range from 4.6 – 6.5 GHz 
was achieved using two varactors.  
 
 
Fig. 2.49 Planar monopole with short circuited microstrip stub [48] 
 
Fig. 2.48 Planar monopole with two slots [47] 
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A reconfigurable Vivaldi antenna incorporating an L shaped microstrip resonator is 
shown in Fig. 2.50 [49]. By locating two series varactors on the resonator, measured 
results showed that the tuning range was 4.0 – 4.45 GHz with gain suppression at the 
stop band centre from 13 dB to 6 dBi. 
 
 
In conclusion, those designs in refs. [46-49] provided wide tuning range and good 
gain suppression. However, planar UWB antennas do not offer stable omni-
directional patterns within the operating frequency band, especially at high 
frequencies (i.e. 10 GHz). This makes them not preferable for IEEE 802.22 [45], rural 
area network applications, which require both Tx/Rx antenna and sensing antenna 
with omni-directional pattern, as mentioned earlier. 
 
2.2. Summary 
From this background study, several conclusions can be drawn. In the field of 
reconfigurable antennas, it shows that there were many reconfigurable antenna 
designs available for current and future small terminal applications in the literature. 
However, there is no antenna with dual-band operations simultaneously to 
                         (a)                                                                     (b) 
Fig. 2.50 Reconfigurable Vivaldi antenna (a) front view; (b) rear view showing 
microstrip feed and resonator. [49] 
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continuously cover from DVB (470 MHz) to Wifi (2450 MHz) bands. Most of the 
designs were limited to either only single service access or narrow tuning range. In 
order to be able to access a very large number of multiple wireless communication 
standards with increased channel capacity, several MIMO antennas have been 
proposed to achieve low correlation using different techniques. Only two proposed 
antennas, [23 and 24], can provide multi-band MIMO operation for small terminals. 
However, those two antennas, in refs. [23 and 24], have limited frequency range and 
are not suitable for cognitive radio, which might require a frequency agile MIMO 
antenna, with wide tuning range, for spectrum sensing and data transmission at the 
same time [34]. In the field of wideband antennas with band-rejection behaviour, most 
of them were with fixed notched band frequency and only a few can provide tunable 
band-rejection. However, none of them can provide omni-directional radiation pattern 
at high frequencies within the operating band. Addressing the above issues and 
investigating good antennas for small mobile terminals for current and future 
applications are the main objective of this PhD study.   
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CHAPTER III  
CHASSIS-ANTENNA 
This chapter presents a novel two-port reconfigurable chassis antenna for use in 
current and future mobile wireless communication systems. The antenna uses a pair of 
coupling elements to excite resonant modes within the handset chassis. The elements 
are capacitively coupled to the chassis, are located in close proximity to each other, 
and are fed via two separate ports. Using a number of external matching circuits 
including switches and varactor diodes, the antenna can operate in either a 
narrowband or wideband mode. When operating in the narrow band mode, the 
antenna can provide one band to cover from 462 to 2522 MHz while the other band 
can cover from 1606 to over 3000 MHz simultaneously using a combination of 
switching and electronic tuning. However, the total tuning range is depended on the 
capacitance range of varactor diodes. Studies showed that the selection of a frequency 
in port 1 will restrict choice in port 2, and vice versa. In the wideband mode, the 
antenna can operate in one of six different wideband modes in the range of 470 to 
2918 MHz. 
 
All of the simulations presented in this chapter were performed using the transient 
solver in CST Microwave Studio®. The s2p file representing the antenna response was 
used as a starting point for designing the matching networks. Microwave Office, from 
Applied Wave Research, was then used to adjust the value of each component to 
optimise the return loss performance of the antenna. The equivalent circuit 
simulations were performed using Advanced Design System. 
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The original concept for this two-port chassis-antenna is from Dr. Peter Song, who 
was a Research Fellow in School of Electronic, Electrical and Computer Engineering, 
University of Birmingham. This concept has been filed for a patent, [1]. 
 
3.1. Antenna Design 
The antenna is shown in Fig. 3.1 and incorporates a pair of non-resonant coupling 
elements [1-7]. These are used to excite various resonant modes within the handset 
chassis. In this kind of resonant antenna-chassis combination (analysed in Ref [8]), 
the coupling elements are typically located at the end of the handset chassis, enabling 
the whole length of the chassis to be used as a radiating element. In this case, port 1 is 
connected to the large coupling element and port 2 is connected to the small one. The 
large element primarily excites modes within the lowermost band of frequencies, 
while the small element primarily excites modes with at the uppermost band of 
frequencies. The vertical portions of the two elements are separated from one another 
by a small gap, denoted as gm. This gap helps to determine the amount of mutual 
coupling between these elements. In order to achieve effective coupling coefficient 
between each element and the handset chassis, the high frequency element needs to be 
sandwiched between the low frequency element and the chassis, as shown in Fig. 3.1. 
The feed line for the large element is positioned off-centre and is fixed to the top edge 
of the element. This arrangement offers two advantages. Firstly, the non-symmetrical 
currents which are generated within the handset chassis support a larger number of 
resonant modes. Secondly, the offset allows the higher frequency element (small 
element as shown in Fig. 3.1) to have more space since the feed pin of the large 
element has been offset. This means that the resonant frequency of the small element 
can be shifted lower, therefore bringing the resonant frequency separation of the two 
 - 61 -
elements closer. This enables opportunities for the smaller element to act as a parasitic 
hence optimising the bandwidth of the antenna system dynamically. Each coupling 
element is connected to a separate matching circuit or set of matching circuits, as 
shown in Fig. 3.2, denoted by NM 1 ,
NM 2 , WM 1 and
WM 2 . Matching circuits 
NM 1 and
NM 2 are used to obtain narrowband operation and by using 
WM1 and WM 2 , 
wideband operation is obtained. Port 1 is connected to the large coupling element and 
port 2 is connected to the smaller one. The antenna has a ground plane size of 100×40 
mm2 and the coupling elements also occupy a very small space of 40×5×4 mm3. The 
gap between the coupling elements and the ground plane is 3 mm, which gives an 
overall size of 108×40×4 mm3, which is the typical size of a smart phone. The 
prototype antenna is shown in Fig. 3.1(c). It was fabricated from a microwave 
substrate material, Taconic TLY-3-0450-C5, which has a permittivity of 2.33, a 
thickness of 1.143 mm, and a metal thickness of 0.01778 mm. The coupling elements 
are copper with thickness of 0.5 mm and are supported with RohacellTM, which has a 
dielectric constant of 1.08 within the chosen frequency bands. It should be noted that 
the Taconic substrate is used purely as a carrier and the design is fully compatible 
with conventional metal stamp technology.  
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(a) 
(b)                                                               (c) 
  
(d) 
Fig. 3.1 (a) The structure of the reconfigurable handset chassis antenna; (b) the 
antenna elements; (c) side view of the antenna elements; (d) Top view of the 
completed fabricated antenna with matching circuit integrated 
 
 
 
Fig. 3.2 Antenna system configuration 
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3.2. Narrowband Mode 
3.2.1. Matching Circuit Design 
In the narrowband mode, each coupling element is connected to a separate matching 
circuit and port, as shown in Fig. 3.2, but in this case port 1 has two narrow band 
matching circuits, selected by switches and port 2 has a single circuit. The matching 
circuit design procedure can be referred to Appendix B. The circuits are detailed in 
Table 1, and comprise a varactor diode and two fixed inductors. Matching circuits 
0
1
NM and 11
NM on port 1, are used to obtain two “modes” of operation (denoted mode 0 
and mode 1). When operating in mode 0, port 1 can cover the GSM, GPS, UMTS and 
WLAN bands while port 2 can cover the UMTS and WLAN bands. The switches 
were not included in either simulation or measurement, but the effect of switch loss is 
discussed later. When operating in mode 1, port 1 can cover the DVB-H and the GSM 
bands.  
 
 
Names Circuit Types & Values
0
1
NM  
1
1
NM  
0
2
NM  
Table 3.1 Details of narrowband matching circuit of Fig. 3.2. 
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3.2.2. Simulations 
3.2.2.1 Mode 0 in Simulation 
As noted earlier, simulations were performed with CST Microwave Studio® and 
Microwave Office, from Applied Wave Research. Fixed capacitors were used to 
represent the varactors. No components parasitics were used in the simulations, which 
will result in slightly less loss and frequency shift in the simulations compared to the 
measurements in the next section. For 01
NM and 11
NM , capacitor C1 was varied from 
0.2 pF to 8 pF and for 02
NM  capacitor C2 varied in value from 0.2 pF to 6 pF. 
Although higher upper values could have been used they give little extra tuning range. 
The range of capacitance for each varactor was optimized to achieve maximum tuning 
range. In practical, the full capacitance range might be impractical or expensive. 
However, it shows the antenna can potentially cover such wide frequency ranges. 
 
When operating in mode 0, the antenna incorporates matching circuits, 01
NM and 02
NM , 
as shown in Table 3.1. Fig. 3.3(a) shows the resonant frequencies with reflection 
coefficient and instantaneous bandwidth at 6 dB while varying C1 (which is located in 
matching circuit 01
NM ) from 0.2 pF to 8 pF and C2 is fixed at 6 pF. With the selected 
range of capacitance, it is able to move the resonant frequency, looking into port 1, 
from 800 MHz to 2430 MHz while maintaining a return loss above 6 dB. Fig. 3.3(b) 
shows the resonant frequencies with reflection coefficient and instantaneous 
bandwidth at 6 dB while varying C2 from 0.2 pF to 6 pF while C1 is fixed at 8 pF. In 
this way it is possible to move the resonant frequency from 1680 MHz to 2860 MHz. 
The simulated S21 curve in Fig. 3.4 shows that there is a high degree of coupling 
between the two ports (i.e. over -7 dB) when C1 is varied from 1.5 pF to 0.4 pF. This 
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occurs because the operating frequencies of two elements are tuned to coincide with 
each other. However, this mode of operation is unlikely unless Rx diversity 
application is desired, for example at UMTS2100. One of the best ways to address the 
high correlation coefficient is a decoupling network, which is beyond the goal of this 
work and is suggested for future work. The simulated resonant frequencies with 
reflection coefficient and instantaneous bandwidth at 6 dB for the narrowband mode 0 
are shown in Tables 3.2 and 3.3.  
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(b) 
Fig. 3.3 Simulated reflection Coefficient for mode 0, (a) port 1 for large 
radiator, C1 varied from 0.2 to 8 pF while C2 fixed at 6 pF; (b) port 2 for small 
radiator, C1 fixed at 8 pF while C2 varied from 0.2 pF to 6 pF 
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Fig. 3.4 Simulated S21 of mode 0 for port 1 with C1 varied from 0.2 to 8 pF 
while C2 fixed at 6 pF 
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3.2.2.2 Mode 1 in Simulation 
When operating in narrowband mode 1, the antenna incorporates a pair of matching 
circuits, 11
NM and 02
NM , as shown in Table 3.1. Fig. 3.5 shows simulation results for an 
antenna operating in narrowband mode 1. When C1 is varied from 0.2 pF to 8 pF 
while C2 is fixed at 6 pF, the resonant frequency, associated with port 1, shifts from 
470 MHz to 1410 MHz. The return loss remains better than 6 dB throughout the 
tuning range. The simulated resonant frequencies with reflection coefficient and 
instantaneous bandwidth at 6 dB for the narrowband mode 1 are shown in Table 3.4.  
 Capacitor (pF) 
Freq.  
(MHz) 
Refl. Coeff. 
(dB) 
Bandwidth@ 
6 dB (MHz) 
8 800 -34.52 43 
5 850 -21.78 52 
3 940 -16.63 66 
2 1040 -20.05 76 
1.5 1130 -25.95 74 
0.8 1370 -10.47 55 
0.4 1870 -23.47 128 
0.3 2080 -17.42 134 
Mode 0 
for 
Port 1 
Large 
element 
0.2 2430 -21.73 177 
Table 3.2 Simulated Reflection Coefficient of mode 0 for port 1 with C1 varied 
from 0.2 to 8 pF while C2 fixed at 6 pF 
 
 Capacitor (pF) 
Freq.  
(MHz) 
Refl. Coeff. 
(dB) 
Bandwidth@ 
6 dB (MHz) 
6 1680 -33.19 115 
4 1720 -29.02 120 
2 1830 -25.41 134 
1 2040 -25.60 160 
0.5 2420 -15.05 259 
0.4 2590 -15.46 225 
Mode 0 
for 
Port 2 
Small 
element 
0.24 2860 -6.77 69 
Table 3.3 Simulated Reflection Coefficient of mode 0 for port 2 with C1 fixed at 
8 pF while C2 varied from 0.2 pF to 6 pF 
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3.2.2.3 Summary for Modes 0 and 1 in Simulation 
Dual band capability has been shown in this section. The simulations show that the 
narrowest instantaneous bandwidth is at 610 MHz, which is only 3.9 MHz, 0.64%. It 
can be increased somewhat by optimizing the matching circuit, but there is a trade off 
between the gain and the bandwidth. The maximum bandwidth, at 2420 MHz, is 
about 10.7%. The effect of the resonant frequencies with different values of capacitors, 
for both mode 0 and 1, was summarised in Fig. 3.6. 
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Fig. 3.5 Simulated S parameter of mode 1 for port 1 for large radiator, C1 varied 
from 0.2 to 8 pF while C2 fixed at 6 pF 
 
 Capacitor (pF) 
Freq.  
(MHz)
Refl. Coeff. 
(dB) 
Bandwidth@
6 dB (MHz) 
8 470 -43.06 17.4 
1.82 610 -7.26 3.9 
1 730 -16.54 25.0 
0.86 770 -21.78 17.0 
0.5 950 -17.60 22.9 
0.4 1040 -16.24 26.6 
Mode 1 
for 
Port 1 
Large 
element 
0.2 1410 -11.03 23.9 
Table 3.4 Details of port 1 in mode 1 with C1 varied from 0.2 to 8 pF while C2 
fixed at 6 pF 
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Table 3.5 shows the simulated frequencies, for each port of the chassis-antenna, with 
at least 6 dB of return loss, in the narrowband mode of operation under different 
conditions. It can be seen that the proposed antenna can provide dual band capability, 
wide tuning range with the frequencies fully controlled. However, the selection of a 
frequency in port 1 will restrict choice in port 2, and vice versa. The widest tuning 
range for port 1 is from 462 to 2522 MHz while from 1606 to over 3000 MHz for port 
2, as shown in Table 3.5. Therefore, the antenna could potentially provide the wide 
tuning range from 462 MHz to over 3000 MHz when using the capacitors with range 
from 0.2 pF to 8 pF. 
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Mode 0 for Port 1 (Large coupling element) 
Mode 0 for Port 2 (Small coupling element)
Mode 1 for Port 1 (Large coupling element)
Fig. 3.6 Simulated resonant frequencies when the capacitors vary from 0.2 pF to 8 
pF. (for port 1 in mode 0, the C1 varied from 0.2 to 8 pF while C2 fixed at 6 pF; for 
port 2 in mode 0, the C2 varied from 0.2 to 6 pF while C1 fixed at 8 pF; for port 1 
in mode 1, the C1 varied from 0.2 to 8 pF while C2 fixed at 6 pF)
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3.2.3. Measurements 
During the measurement, both ports were operating simultaneously. In the 
demonstrator antennas, varactor diodes MV31009-150A, from Microsemi® were used. 
The capacitance of those varactors can be varied from 0.95 pF to 21.98 pF using a 
bias voltage from 15 V to 0 V. A dc bias line with a +ve voltage, incorporating a 10 k 
Ω resistor for decoupling was attached to the anode of each varactor. The –ve voltage 
is supplied from the inner conductor of the SMA connector by using a bias-tee, ZX85-
12G-S+, from Mini-Circuits®. 
 
3.2.3.1 Comparison between Simulation and Measurement 
Fig. 3.7 shows the comparison of simulation and measurement results. Full equivalent 
circuits from the vendors’ library, were used for the components, although these were 
not available for the varactors. The resonant frequencies, obtained through simulation 
and measurement, differ by at most 60 MHz for port 1, and 79.5 MHz for port 2. The 
different s2p files of the fixed capacitors used in simulation and the varactors used in 
Port 2 Cap fixed at 0.2 pF 894 2507 
Large element left open circuit 1613 2742 
Port 1 Cap fixed at 8 pF 1625 2895 Port 2 
Port 1 Cap fixed at 0.2 pF 1606 Over 3000 
Small element left open circuit 543 1480 
Port 2 Cap fixed at 6 pF 462 1419 Port 1 
Port 2 Cap fixed at 0.2 pF 540 1476 
Large element left open circuit 1613 2742 
Port 1 Cap fixed at 8 pF 1617 2789 
Mode 1 
Port 2 
Port 1 Cap fixed at 0.2 pF 1625 2790 
Table 3.5 Simulated frequencies of the chassis-antenna, with at least 6 dB of return 
loss, in narrowband mode of operation under different conditions  
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measurement, along with the effect of manufacturing tolerances, helps to explain the 
slight discrepancies described above. 
 
 
3.2.3.2 Mode 0 in Measurement 
Fig. 3.8 shows measured results. Fig. 3.8(a) illustrates the effect of varying the 
voltage applied to varactor 1 (which is located in matching circuit 01
NM ) from 1.2 V to 
15 V, with the voltage applied to varactor 2 fixed at 2 V. The resonant frequency 
varies from 840 to 1306 MHz. It is likely that the frequency tuning range could be 
increased, if the capacitance tuning range of the varactor was wider. Fig. 3.8(b) shows 
the effect of varying the voltage applied to varactor 2 from 2 V to 15 V while that 
applied to varactor 1 was fixed at 1.2 V. The resonant frequency varies from 1657 to 
2173 MHz. When the two resonant frequencies are close to one other, there will be 
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Fig. 3.7 Comparison of simulation (i.e. port 1 with fixed 8.2 pF capacitor and port 
2 with  fixed 6 pF capacitor) and measurement results (i.e. port 1 with varactor 
with voltage 1.2 V and port 2 with varactor with voltage 2 v) 
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strong coupling between the two ports. Fig. 3.8(a) shows that the peak S21 varies from 
-7.1 to -4.08 dB. However, when the voltage applied to varactor 2 was increased to 15 
V, the S21 for port 1 is below -10 dB, as shown in Fig. 3.8(c). High isolation (i.e. 
below -10 dB) occurs within the tuning range of 1657 to 2173 MHz for varactor 2 
voltage from 2 V to 15 V while the voltage applied to varactor 1 was fixed at 1.2 V as 
shown in Fig. 3.8(b).  
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(c) 
Fig. 3.8 Measured S parameter of mode 0 for (a) port 1 with varactor 1 varied 
from 1.2 V to 15 V while varactor 2 fixed at 2 V; (b) port 2 with varactor 2 varied 
from 2 V to 15 V while varactor 1 fixed at 1.2 V; (c) port 1 with varactor 1 varied 
from 1.2 V to 15 V while varactor 2 fixed at 15 V 
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3.2.3.3 Mode 1 in Measurement 
Fig. 3.9(a) shows the measurement results for mode 1 obtained when varying the 
voltages applied to varactor 1 from 1.2 V to 15 V while that applied to varactor 2 was 
fixed at 2 V. This shifts the resonant frequency from 485 to 734 MHz. Fig. 3.9(b) 
shows the effect of varying the voltage applied to varactor 2 from 2 V to 15 V while 
that applied to varactor 1 was fixed at 1.2 V. The resonant frequency varies from 1671 
to 2181 MHz. The coupling between the two ports remained below -10 dB throughout 
the tuning range in both cases. 
 
400 500 600 700 800 900 1000 1100 1200-20
-18
-16
-14
-12
-10
-8
-6
-4
-2
0
Frequency [MHz]
S
 P
ar
am
et
er
s 
[d
B
]
 
 
S11-1.2v
S11-2.5v
S11-3.5v
S11-4.5v
S11-7v
S11-10v
S11-13.5v
S11-15v
S21-1.2v
S21-2.5v
S21-3.5v
S21-4.5v
S21-7v
S21-10v
S21-13.5v
S21-15v
 
(a) 
500 1000 1500 2000 2500 3000-20
-18
-16
-14
-12
-10
-8
-6
-4
-2
0
Frequency [MHz]
S
 P
ar
am
et
er
s 
[d
B
]
 
 
S22-2v
S22-2.5v
S22-3.5v
S22-4.5v
S22-7v
S22-10v
S22-13.5v
S22-15v
S12-2v
S12-2.5v
S12-3.5v
S12-4.5v
S12-7v
S12-10v
S12-13.5v
S12-15v
 
(b) 
Fig. 3.9 Measured S parameter of mode 1 for (a) port 1 with varactor 1 varied from 
1.2 V to 15 V while varactor 2 fixed at 2 V; (b) port 2 with varactor 2 varied from 
2 V to 15 V while varactor 1 fixed at 1.2 V 
 - 75 -
3.2.3.4 Limitations 
Figs. 3.8(a) and (b) show that the band from 1306 to 1657 MHz is not covered by the 
antenna within the capacitance tuning range of the varactor. Figs. 3.9(a) and (b) show 
the band not covered is from 734 to 1671 MHz. This problem can be solved by either 
using a varactor with lower capacitance limit or by using additional matching circuits. 
Studies showed that the selection of a frequency in port 1 will restrict choice in port 2, 
and vice versa, as mentioned in section 3.2.2 Simulations. For example, whilst the 
voltage applied to varactor was varied from 2 V to 15 V, the resonant frequency for 
port 1, with the voltage applied to varactor 1 fixed at 1.2 V, shifted from 840 to 872 
MHz.  
 
3.2.4. Radiation Patterns 
Fig. 3.10 shows the measured radiation patterns at 470 MHz (port 1 at mode 1), 923 
MHz (port 1 at mode 0), 1895 MHz (port 2 at mode 1) and 2109 MHz (port 2 at mode 
0) for the antenna operating in the narrow band mode. In the figure, the Eθ and EФ are 
shown in Z-Y and Z-X plane respectively. Radiation of the chassis-antenna in free 
space for low frequency is close to omni-directional in the Z-X plane (i.e. Ф=90º), 
especially at 470 MHz and 923 MHz as shown in Fig. 3.10 (c). However, Fig. 3.10 (d) 
shows that at higher frequencies, i.e. 1895 MHz and 2109 MHz, gain is slightly 
reduced at about–Z and +X directions, which is due to the bias cables effect. Results 
show that there is no significant nulls in Z-X plane and suggest that this type of 
chassis-antenna is a good candidate for mobile phone application. 
 
 - 76 -
 
 
3.2.5. Current Distributions 
For this type of chassis-antenna, the current distribution is sinusoidal and similar to 
dipole-type antenna. Figs. 3.11 (a) to (d) show the simulated current distributions for 
the chassis-antenna at 470 MHz, 923 MHz, 1895 MHz and 2109 MHz, respectively. It 
is clear that for each resonant frequency, the current is mainly distributed on the 
 
             (a)                                                              (b) 
 
                            (c)                                                               (d) 
Fig. 3.10 Measured radiation patterns for (a) Z-Y plane at 470 MHz and 923 MHz; 
(b) Z-Y plane at 1895 MHz and 2109 MHz; (c) Z-X plane at 470 MHz and 923 
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coupling elements and the edge of the ground plane with a null at the bottom end of 
the ground plane. However, for higher frequency, i.e. 1895 MHz and 2109 MHz, 
there is strong current which is distributed along the lower edge of ground plane with 
a null of current in the middle of the ground plane, as shown in Figs. 3.11 (c) and (d).  
 
3.2.6. Gain and Efficiency 
Table 3.6 gives the measured realized gain and simulated radiation efficiency, total 
efficiency and realized gain for the antenna when operating in the narrowband mode, 
at a selection of different frequencies. These antennas were designed to operate at 470 
MHz (port 1 at mode 1), 923 MHz (port 1 at mode 0), 1895 MHz (port 2 at mode 1) 
and 2109 MHz (port 2 at mode 0), respectively. The value of capacitor for each case 
was 11 pF, 4.3 pF, 1.5 pF and 0.8 pF, respectively.  The radiation efficiency indicates 
the dielectric, metal and matching component loss. The total efficiency also includes 
the loss due to mismatch. It can be seen that the radiation efficiency is low at -8.91 dB 
at the lowest frequency, due to the antenna being electrically small, but increases at 
higher frequencies. This is reflected in the realized gain, and the measured value is 
                                (a)                                                            (b) 
 
                                (c)                                                           (d) 
Fig. 3.11 Simulated current distribution at (a) 470 MHz; (b) 923 MHz; (c) 1895 MHz 
and (d) 2109 MHz. 
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above 0.33 dBi above 923 MHz. The realized gain, obtained through simulation and 
measurement, differ up to 1.01 dB. The effect of different s2p files of the fixed 
capacitors used in simulation and the varactors used in measurement helps to explain 
the differences described above. 
 
 
3.3. Wideband Mode 
3.3.1. Matching Circuit Design 
In the wideband mode, fixed matching circuits and switches are used, as shown in Fig. 
3.12. The circuits are detailed in Table 3.7. When the circuits 11
WM to 41
WM are selected, 
the other port is left open circuit. When the circuit 51
WM is selected, 12
WM is used, and 
for 61
WM , 22
WM is used. The states related to 11
WM , 21
WM and 31
WM correspond to Sub 
Bands 1, 2 and 3 respectively of the DVB-H band. 
Simulated Measured 
Port Frequency 
[MHz] 
Radiation 
Efficiency [dB]
Total 
Efficiency [dB]
Realized 
Gain [dBi]
Realized Gain 
[dBi] 
1 470 -8.91 -10.25 -8.15 -7.26 
2 1895 -0.79 -1.51 3.38 4.39 
1 923 -0.91 -1.27 0.77 0.33 
2 2109 -0.04 -0.11 4.64 4.26 
Table 3.6 Simulated efficiency, simulated and measured realized gain for the 
chassis-antenna in narrowband mode of operation. (Simulated and measured 
realized gain were in the peak direction) 
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Names Circuit Types & Values 
1
1
WM  
 
2
1
WM  
 
3
1
WM  
 
4
1
WM  
 
5
1
WM  
 
6
1
WM  
 
1
2
WM  
 
2
2
WM  
 
Table 3.7 Details of matching circuit required for each operating state in wideband 
mode 
 
Fig. 3.12 High-level view of matching circuit in wideband mode (Switches are set 
for State 5) 
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3.3.2. Simulation and Measurement Results 
Six antennas, incorporating hard wired switches, were fabricated and measured. In the 
simulations full models of the matching components from the component vendor’s 
library were used. In this study, the effect of using realistic microwave switches is not 
considered.  
 
Figs. 3.13 and 3.14 show measured and simulated reflection coefficients. From Fig. 
3.13, it can be seen that the measured reflection coefficient (solid line) for the three 
sub-bands (i.e. state 1, 2 and 3) are not always below -6 dB or -3 dB. Fortunately the 
reflection coefficient for a DVB-H antenna is not too critical rather it is the realized 
gain, presented in the next section, which must be met. The measured reflection 
coefficient, shown in Fig. 3.14, shows that the other three states have a close to 6 dB 
return loss bandwidth in the range from 853 MHz to 2860 MHz.  
 
From Fig. 3.13, it can be seen that, the simulations had better reflection coefficient 
(dash line), at least 3 dB, through the three DVB-H sub-bands.  Fig. 3.14 shows the 
simulated return loss (dash line) performance for the other three operating “States”. In 
State 4, the antenna has 6 dB return loss bandwidth of the antenna has lower and 
upper cut-off frequencies of 827 MHz and 1529 MHz (i.e. a bandwidth of 
approximately 60%). In State 5, the bandwidth is close to 29% and ranges from 1527 
MHz to 2046 MHz. In State 6, the antenna has 6 dB return loss bandwidth is 
approximately to 43% and ranges from 1888 MHz to 2918 MHz. In general 
agreement between measurement and simulation is not as good as in the narrowband 
mode, particularly at the lower frequencies. In the wideband mode, the resonant 
frequencies are dependent on the external matching circuit and sensitive to the value 
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of components, especially for low frequencies. Minimising the manufacture tolerance 
and improving the modelling structure would help to reduce discrepancy.  
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Fig. 3.13 Measured (solid line) and simulated (dash line) reflection coefficient for 
the DVB-H wideband operating mode. (Sub Band-1 State 1 = 11
WM  ; Sub Band-2 
State 2 = 21
WM ; Sub Band-3 State 3 = 31
WM ) 
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Fig. 3.14 Measured (solid line) and simulated (dash line) reflection coefficient for 
wideband operating states 4, 5 and 6 operation. 
(State-4 =
4
1
WM ; State-5 = 51WM + 12WM ; State-6 = 61WM + 22WM ) 
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3.3.3. Radiation Patterns 
Fig. 3.15 shows the measured radiation patterns at 470 MHz, 620 MHz, 730 MHz, 
1120 MHz, 1800 MHz and 2475 MHz for the prototype antennas operating in the 
wideband mode. In the figure, the Eθ and EФ components are shown in Z-Y and Z-X 
plane respectively. It can be seen that the Eθ and EФ components for both 470 MHz 
and 1800 MHz, as shown in Fig. 3.15, have similar shape compared to the ones for 
470 MHz and 1895 MHz in narrow band mode, as shown in Fig. 3.10. Results show 
that there is no significant nulls in Z-X plane within the operating frequencies and 
suggest that this type of chassis-antenna is a good candidate for mobile phone 
application. 
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(a)                                                                          (b) 
(c)                                                                          (d) 
 
                                    (e)                                                                           (f) 
Fig. 3.15 Measured radiation patterns for (a) Z-Y plane at 470 MHz and 620 MHz; (b) Z-X plane at 
470 MHz and 620 MHz; (c) Z-Y plane at 730 MHz and 1120 MHz; (d) Z-X plane at 730 MHz and 
1120 MHz; (e) Z-Y plane at 1800 MHz and 2475 MHz; (f) Z-X plane at 1800 MHz and 2475 MHz 
 - 84 -
3.3.4. Gain and Efficiency 
Fig. 3.16 shows the measured and simulated realized gain together with the 
specification for DVB-H. Measured results suggest that the realized gain is more than 
1.5 dB (solid line) better than required. The realized gain depicted in Fig. 3.16 was 
measured in the –X direction, shown in Fig. 3.1. Although the measured realized gain 
for prototype met the specification of DVB-H, there are some differences between 
measurements and simulations. Particularly at around 610 MHz and 850 MHz, there 
is about 3 to 6 dB in difference. In order to minimise the discrepancy and achieve a 
better agreement, both reducing the manufacture tolerance and improving the 
modelling structure are needs.   
 
 
Fig. 3.17 shows the measured and simulated realized gain under wideband operating 
states 4, 5 and 6. From Fig. 3.17, it is clear that the simulated realized gain (dash line) 
is above 0.20 dB from about 827 MHz to 2918 MHz. The realized gain (solid line) 
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Fig. 3.16 Measured and simulated realized gain in wideband mode for DVB-H 
band, with realized gain specification [9] 
(Both the measured and simulated realized gain were calculated in the –X 
direction)
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shown in Fig. 3.17 for the prototype antenna, operating in State 2, was measured in 
the +Z direction while the other two were measured in the –X direction. In Fig. 3.17, 
the measured realized gain at around 1500 MHz is a bit lower than that predicted by 
simulation. This may be attributable to a miss-match around that frequency range 
which occurred due to manufacturing tolerances. Please note that the realized gain 
shown in Figs. 3.16 & 3.17 is calculated from the peak direction in the Z-X plane in 
CST. 
 
Table 3.8 shows the simulated radiation efficiency and total efficiency for the chassis-
antenna under wideband operating State 4, 5 and 6. Dielectric losses and components 
parasitics were considered in the simulation studies.  
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Fig. 3.17 Measured and simulated realized gain under wideband operating states 4, 
5 and 6. 
(Both the measured and simulated realized gain were calculated in the +Z direction 
for State 4 and in the –X direction for the others states) 
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3.4. Switches and Varactor Diodes 
The switches were not included in either simulation or measurement, as mentioned 
earlier. However, by the use of three switches (i.e. SP3T and 2×SP8T) the narrow 
band (two sub-circuits on port 1 and one on port 2) and wide band (six sub-circuits on 
port 1 and two on port 2) modes can be integrated, as shown in Fig. 3.18. For example, 
a single-pole three-throw (SP3T) switch from RFMD® (RF1131) would add 0.30 dB 
of insertion loss and a single-pole eight-throw (SP8T) switch (RF1480) would add 0.7 
dB of insertion loss. 
 
In the fabrication, varactor diodes MV31009-150A from Microsemi®, with 
capacitance range from 0.946 pF to 21.982 pF, were used. However, the varactor 
diodes with a lower capacitance limit are available from Microsemi®, though these 
were not available from this work. For example, diodes MV34002-150A have a range 
of 0.264 pF to 8.218 pF. 
 
Fig. 3.18 Antenna system configuration with switches 
Frequency [MHz] Radiation Efficiency [dB] Total Efficiency [dB] 
830 -0.85 -1.99 
900 -0.44 -0.87 
1200 0.25 -1.05 
1500 0.91 -1.66 
1800 -0.29 -1.41 
2150 -0.01 -1.15 
2450 -0.15 -1.14 
2800 -0.06 -0.75 
2950 -0.27 -1.90 
Table 3.8 Simulated radiation efficiency and total efficiency for the chassis-
antenna under wideband operating states 4, 5 and 6 
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3.5. Size of Chassis-Antenna Study 
In order to examine how the size of the chassis-antenna affects the efficiency, a single 
port chassis-antenna is simulated with different length of ground plane (i.e. from 50 
mm to 150 mm). The structure of antenna is shown in Fig. 3.19, which has a ground 
plane size of 100×40 mm2 and the coupling element occupies a volumetric space of 
40×4×7 mm3. The gain of chassis-antenna at 450 MHz, with ideal components and 
real components, are plotted together with the Harrington limit in Fig. 3.20. The first 
step is to simulate the antenna structure with different length of ground plane in CST 
Microwave Studio®. The s1p file representing the antenna response was used to 
optimise the matching network in Microwave Office, from Applied Wave Research. 
Note that same matching network as narrowband mode in the previous is used. From 
the Harrington-Chu limits, the maximum gain at 450 MHz for the antenna, with 40 
mm width of ground plane and the length of ground plane changed from 50 mm to 
150 mm, is from -2.07 dB to 3.10 dB, as shown in Fig. 3.20. The IEEE Gain of the 
antenna with different length (i.e. from 50 mm to 150 mm), incorporating matching 
circuit with ideal components (i.e. no parasitics), is a few dB below the Harrington 
limit (seen Fig. 3.20). It is shown that the Realized Gain of the antenna with ground 
size of 50×40 mm, incorporating matching circuit with real components (i.e. with 
parasitics loss), is very low at about -9.36 dB. Such low gain is due to the loss (i.e. 
heat dissipated) in the matching circuit. Fig. 3.20 shows that the efficiency increases 
with increasing size. 
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3.6. Components Comparison with/without Varactors 
In the literature review section, it has been shown that the antenna from IMST [10], 
incorporating a number of matching circuits, has the potential to cover the frequency 
band from 470 MHz to 3000 MHz. In order to have a fair comparison, a single port 
chassis-antenna, as shown in Fig. 3.19, was simulated. Simulation shows that 
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Fig. 3.20 Gain vs. length of ground plane 
 
 
Fig. 3.19 The structure of single port chassis antenna with ground plane 100×40 mm2
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operating from 470 MHz to 3000 MHz, two matching circuits, each circuit 
incorporating a varactor, are required. Table 3.9 shows the component count for the 
chassis-antenna in IMST and the single port chassis-antenna incorporating varactors. 
From Table 3.9, it can be seen that in order to cover DVB-H (470 – 862 MHz), GSM 
(824 – 960 MHz and 1710 – 1990 MHz), UMTS (1920 – 2170 MHz) and WLAN 
(2400 MHz), 19 components including 2 switches are needed for chassis-antenna 
incorporating 5 matching circuits. 8 components including 2 switches are needed for 
chassis-antenna incorporating two matching circuits (each matching circuit 
incorporates a single varactor diode). Fig. 3.21 shows that in order to cover from 470 
MHz to 2760 MHz, 10 extra matching circuits are required for the IMST chassis-
antenna, which will introduce a total of 45 components plus a number of switches, as 
shown in Table 3.10. However, by incorporating two matching circuits (i.e. two 
varactors), only 8 components are required. Thus, there is a trade-off to be made 
between the non-linearity and the number of components. It can be concluded that for 
wider band operation, more components are needed for the antenna only with 
matching circuits and switches, thus more cost and more space is need. 
 
 
Cover DVB-H, GSM, UMTS and WLAN 
Antenna Structure Ref 
Number 
components of each 
matching circuits
Matching circuits to
cover required 
bands 
Total components 
(including 2 switches) 
10 3 5 19 
This 
Chapter 3 2 8 
Table 3.9 Components count for the antennas to cover DVB-H (470 – 862 MHz), 
GSM (824 – 960 MHz and 1710 – 1990 MHz), UMTS (1920 – 2170 MHz) and 
WLAN (2400 MHz) 
 - 90 -
 
 
 
 
 
3.7. Equivalent Circuit Modelling for Chassis-Antenna 
3.7.1. Equivalent Circuit of Chassis-Antenna with One Port 
The performance of a chassis-antenna incorporating a single coupling element has 
been carefully analysed in recent literature, [8]. This reference has thus been widely 
used as reference for chassis type antenna studies. Near the resonant frequency, it is 
well known that the impedance behaviour of an open-circuited or a short-circuited 
microstrip patch antenna (i.e. a PIFA) can be modelled as a parallel resonant circuit 
 
Fig. 3.21 Simulated reflection coefficient for the IMST chassis-antenna incorporating
numbers of matching circuits to cover the rest bands from 470 MHz to 2760 MHz 
Fully cover from 470 MHz to 2760 MHz 
Antenna Structure Ref 
Number components 
of each matching 
circuits 
Matching circuits to
cover required bands
Total components 
(including switches) 
10 3 5+10 45+switches 
This 
Chapter 3 2 8 
Table 3.10 Components count for the antennas to cover from 470 MHz to 2760 
MHz 
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[11-12]. For this reason, in Ref [8], the authors used a parallel resonator to represent 
the coupling element and a series resonator to represent the handset chassis. The 
equivalent circuit for a chassis-antenna must incorporate both a parallel and a series 
resonator. The reflection coefficient for the equivalent circuit proposed in Ref [8] 
agrees well with that of the antenna. However, when visualising the locus of the input 
impedance for the equivalent circuit on the Smith Chart, it was shown that it behaves 
differently from that of the antenna. In the chassis-antenna, the coupling elements are 
located at the edge as shown in Fig. 3.22, for this reason, it is found that the structure 
of the equivalent circuit should be modified as shown in Fig. 3.23. The locus of the 
input impedance for the new equivalent circuit [13], proposed here, agrees better with 
that of the chassis-antenna. 
 
 
Fig. 3.22 The structure of the chassis-antenna with two coupling elements 
 
Fig. 3.23 New equivalent circuit model for the chassis-antenna with single 
coupling element (i.e. the structure example in Fig. 3.22 minus the small 
coupling element) 
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The first step in the process of deriving an improved equivalent circuit was to 
simulate a chassis antenna incorporating a single coupling element (i.e. the structure 
shown in Fig. 3.22 minus the small coupling element). The ground plane size was 
100×40 mm2 and the single coupling element occupies a volumetric space of 40×4×7 
mm3. The new equivalent circuit, for this structure, is shown in Fig. 3.23. In this 
figure resonator 1 represents the coupling elements and resonator 2 represents the 
chassis. The input impedance inZ of the circuit model in Fig. 3.23 is 













 

2
2
2
2
2
1
11
2
1 1
11
Cj
Lj
GN
Cj
LjRNZin

                                           (3.1) 
The first ideal transformer in the model represents the coupling between the feed line 
and the coupling element. The second transformer represents the coupling between 
the coupling element and the phone chassis. Both the coupling coefficients, i.e. 
2
1N and
2
2N , increase as the coupling gets stronger. Figs. 3.24 (a) and (b) show the 
return loss and the input impedance locus for a chassis-antenna incorporating one 
coupling element. These figures also shown the results obtained using the new 
equivalent circuit. The values of the components within each circuit were adjusted 
within the Advanced Design System (ADS) environment, in order to optimize the 
impedance behaviour. There is good agreement between the full-wave simulation 
results for the antenna and those derived using the equivalent circuit model. All of 
full-wave antenna simulations described in this paper were performed using the 
transient solver in CST Microwave Studio®. The circuit simulations were performed 
using Advanced Design Studio, as mentioned earlier. 
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3.7.2. Equivalent Circuit of A Two-Port Chassis-Antenna 
Fig. 3.22 shows a chassis-antenna incorporating a pair of coupling elements. The 
antenna has a ground plane size of 100×40 mm2. The coupling elements occupy a 
very small volumetric space of 40×4×7 mm3, as mentioned earlier. The coupling 
element excites a resonant mode within the handset chassis, as mentioned in Ref [8]. 
For this reason it is possible to excite two separate resonant modes within the handset 
chassis by using a pair of coupling elements. If the two coupling elements are located 
on opposite sides of the handset chassis, as shown in Fig. 3.25, the circuit can simply 
be modelled as shown in Fig. 3.26 [13]. In this scenario the chassis resonators are 
seen to behave like a pair of parallel resonant circuits, having slightly different 
resonant frequencies. The result is a pair of resonances in the input impedance curves. 
         
                              (a)                                                               (b) 
Fig. 3.24 Reflection coefficients for both the chassis-antenna with single element 
and the equivalent circuit model, as shown in Fig. 3.23, (a) in the Cartesian 
coordinate system and (b) on the Smith Chart 
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However, when the two coupling elements are located close to one other, as shown in 
Fig. 3.22, there is strong coupling between them. Experiment results showed that such 
strong coupling was complex and cannot be represented by an ideal transformer. In 
order to represent the coupling between two elements, an impedance inverter, with 
±90˚ phase shift, is needed [14], as illustrated in Fig. 3.27.  
 
 
 
Fig. 3.25 Structure of the chassis-antenna with two elements on the opposite side of 
chassis 
 
                               (a)                                                              (b) 
Fig. 3.27 An impedance inverter with lumped (a) inductors (Lm) or (b) capacitors 
(Cm) 
Fig. 3.26 Equivalent circuit model for the chassis-antenna with two elements on the 
opposite side of chassis, as shown in Fig. 3.25 
 - 95 -
In this case an impedance inverter incorporating lumped inductors has been selected 
to model the equivalent circuit, as shown in Fig. 3.28. In the dual-port chassis-antenna 
there is strong coupling between the two coupling elements. For this reason the 
radiation resistance of each element changes as current distribution changes. It is thus 
necessary to adjust all of the values of the components in the equivalent circuit for the 
coupling element in order to optimize the impedance behaviour. In Fig. 3.28, 
resonators 1 and 4 represent the two coupling elements. Resonators 2 and 3 represent 
resonant modes which are excited with in the handset chassis [4 and 13].  
 
 
The simulation results obtained using the equivalent circuit are shown in Fig. 3.29. 
Fig. 3.29(a) shows the reflection coefficient of the larger coupling element which is 
excited by means of port 1. Fig. 3.29(b) shows the input impedance at port 1, on the 
Smith chart. Fig. 3.29(c) shows the reflection coefficient of the small coupling 
element which is excited by means of port 2. Fig. 3.29(d) shows the input impedance 
at port 2, on the Smith chart. 
 
Fig. 3.28 Equivalent circuit model for chassis-antenna with two coupling elements 
on the same side of chassis 
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An external matching circuit, shown in Fig. 3.30 was then connected to the equivalent 
circuit in order to model the matched antennas which were described earlier. Figs. 
3.31 and Fig. 3.32 present the reflection coefficient and the impedance locus for each 
antenna element. The equivalent circuit results are compared with those obtained by 
applying a matching circuit to the simulation model for the antenna. Note that the 
large antenna element is excited by means of port 1, while the small antenna element 
is excited via port 2. Once again the values of the components within the matching 
circuit were optimized based on the antenna structure shown in Fig. 3.22. Fig. 3.31(a) 
 
                                           (a)                                                          (b) 
   
                                            (c)                                                        (d) 
Fig. 3.29 Reflection coefficients for both the chassis-antenna with two coupling 
elements and the equivalent circuit model as shown in Fig. 3.28 respectively (a) 
for large antenna element which is excited by means of port 1 in the Cartesian 
coordinate system; (b) on the Smith Chart; (c) for small antenna element which is 
excited by means of port 2 in the Cartesian coordinate system; (d) the Smith Chart
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shows the return loss results for the larger antenna element (i.e. port 1). It is clear that 
the resonant frequency obtained using the equivalent circuit model differs by 11 MHz 
(and 1.4 dB) from that derived via full-wave simulation. In Fig. 3.31(b), the two 
curves almost perfectly overlap with each other on the Smith Chart. Fig. 3.32(a) 
shows the results for the small antenna element (i.e. port 2). Here the maximum 
deviation is 1.9 dB and 100 MHz. Although the results shown in Fig. 3.32 do not 
perfectly agree, they have quite similar impedance behaviour.  
 
 
 
                                          (a)                                                                        (b) 
Fig. 3.31 Frequency responses of reflection coefficient obtained for the large antenna 
element which is excited by means of port 1 when the designed matching circuit as 
shown in Fig. 3.30 is connected either to the simulated antenna structure as shown in 
Fig. 3.22 (solid line), and to the equivalent circuit model as shown in Fig. 3.28 (dashed 
line) (a) in the Cartesian coordinate system; (b) on the Smith Chart  
Fig. 3.30 The structure of L-network matching circuits 
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3.8. Summary 
This chapter describes the performance of a novel two port reconfigurable antenna, 
which can operate within a narrow band or wide band mode. In the narrowband mode, 
the antenna provides dual band operation with frequencies independently controlled at 
each port, as shown in the demonstration. Simulation shows that the antenna could 
potentially provide the wide tuning range from 462 MHz to over 3000 MHz when 
using the capacitors with range from 0.2 pF to 8 pF. However, the total tuning range 
of a prototype is depended on the capacitance range of varactor diodes. Studies 
showed that the selection of a frequency in port 1 will restrict choice in port 2, and 
vice versa. In the wideband mode, the antenna can operate in one of six different 
wideband modes in the range of 470 to 2918 MHz. Simulations using both CST and 
AWR show good agreement, except the DVB-H band. The measured realized gain for 
prototype within DVB-H met the specification, but there are some differences 
 
               (a)                                                            (b) 
Fig. 3.32 Frequency responses of reflection coefficient obtained for the small 
antenna element which is excited by means of port 2 when the designed matching 
circuit as shown in Fig. 3.30 is connected either to the simulated antenna structure as 
shown in Fig. 3.22 (solid line), and to the equivalent circuit model as shown in Fig. 
3.28 (dashed line) (a) in the Cartesian coordinate system; (b) on the Smith Chart  
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between measurements and simulations. Particularly at around 610 MHz and 850 
MHz, there is about 3 to 6 dB in difference. Although for a completed mobile 
terminal prototypes, a further optimisation is necessary; in order to minimise the 
discrepancy and achieve a better agreement between measurements and simulations in 
research’s point of view, improving the modelling structure is needed. The antenna is 
potentially able to cover multiple wireless standards, such as the DVB-H, GSM, GPS, 
UMTS and WLAN bands. It has a total size of 108×40×4 mm3, and is suitable to 
operate within hand held mobile devices such as mobile phones, laptops, and PDAs. 
The use of varactors and switches may lead to nonlinear effects, but these are beyond 
the scope of this research. 
 
The size of single port chassis-antenna study shows that the efficiency is dependent 
on the size of the antenna. Small size of the antenna will lead to low efficiency, which 
is expected from Harrington-Chu limits.  
 
The comparison the proposed antenna with the IMST antenna, which has potential to 
cover the similar frequency range (i.e. from 470 MHz to 2760 MHz) incorporating a 
large number of matching circuits and switches, shows that there is a trade-off to be 
made with the non-linear effects and the circuit components. For the chassis-antenna 
incorporates a matching circuit with a varactor, small amount of components is able to 
cover a wide frequency range. However, it will lead to poor linearity. If the antenna 
incorporating a large number of matching circuits and switches, it will lead to high 
cost and require more space.  
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The new equivalent circuit for the chassis-antenna, with a single coupling element, 
models the impedance of the antenna better than what was previously possible. For 
the chassis-antenna with two coupling elements, the equivalent circuit model becomes 
more complex and an impedance inverter has been used to represent the coupling 
between two closely separate coupling elements. The results for the proposed 
equivalent circuit are compared well with the antenna simulations and it provides 
useful insight into the operation of this chassis-antenna type combination. However, a 
further study needs to be continued in future to provide sufficient details to explain 
the coupling between the two close coupling elements. 
 
References: 
[1] C. T. P. Song, J. Kelly, and P. S. Hall, “Reconfigurable antenna”, U.K. Patent 
application GB0918477.1. 2009. 
[2] Z. H. Hu, C. T. P. Song, J. Kelly, P. S. Hall, and P. Gardner, “Wide tunable 
dual-band reconfigurable antenna”, Electron. Lett., vol. 22, Issue 22, Oct. 22 
2009, pp. 1109-1110. 
[3] C.T.P. Song, Z. H. Hu, J. Kelly, P. S. Hall, and, P. Gardner, “Wide Tunable 
Dual-Band Reconfigurable Antenna for Future Wireless Devices”, 
Loughborough Antenna and Propag. Conference, Loughborough, UK, LAPC 
2009, pp. 601-604 
[4] Z. H. Hu, J. Kelly, C. T. P. Song, P. S. Hall, and P. Gardner, “A Novel Wide 
Tunable Dual-Band Reconfigurable Chassis-Antenna for Future Mobile 
Terminals”, European Conference on Antennas and Propagation 2010 on 12-
16 April 2010, Barcelona, Spain. 
 - 101 -
[5] Z. H. Hu, C. T. P. Song, J. Kelly, P. S. Hall, and P. Gardner, “A novel 
reconfigurable UWB chassis-antenna for future mobile terminals”, UK URSI 
Festival of Radio Science, University of Birmingham, Tuesday, 15 December 
2009 
[6] Z. H. Hu, C. T. P. Song, J. Kelly, P. S. Hall, and P. Gardner, “Novel 
Reconfigurable Dual-Port UWB Chassis-Antenna”, Submitted to 2010 
APS/URSI Symposium on July 11-17, 2010, Toronto, Ontario, Canada. 
[7] Z. H. Hu, C. T. P. Song, J. Kelly, P. S. Hall, and P. Gardner, “Dual band 
reconfigurable chassis-antenna for small terminals”, Submitted to IEEE 
Antenna and Propagation Transaction. 
[8] P. Vainikainen, J. Ollikainen, O. Kivekas, and K. Kelander, “Resonator-based 
analysis of the combination of mobile handset antenna and chassis”, IEEE 
Trans. Antennas and Propag., vol. 50, pp. 1433-1444, Oct. 2002.  
[9] EICTA: Mobile and Portable DVB-T Radio Access Interface Specification, 
version 1.0 8.3.2004. 
[10] D. Manteuffel, M. Arnold, “Considerations for reconfigurable multi-standard 
antennas for mobile terminals”, Antenna Technology: Small Antennas and 
Novel Metamaterials, 2008, iWAT 2008. International Workshop in 2008, pp. 
231-234 
[11] W. F. Richards, Y. T. Lo, and D. D. Harrison, “An improved theory for 
microstrip antennas and applications”, IEEE Transactions on Antennas and 
Propag., vol. AP-29, No.1, Jan. 1981, pp. 38-46. 
[12] T. Taga, Analysis of planar inverted-F antennas and antenna design for 
portable radio equipment, Chapter 5 in Analysis, Design, and Measurement of 
 - 102 -
Small and Low-Profile Antennas, K. Hirasawa and M. Haneishi, (Editors), 
Boston, 1992, Artech House, 270 p. 
[13] Z. H. Hu, J. Kelly, C. T. P. Song, P. S. Hall and P. Gardner, “Equivalent circuit 
modelling of chassis-antenna with two coupling elements”, accepted by 2010 
APS/URSI Symposium on July 11-17, 2010, Toronto, Ontario, Canada. 
[14] G. Matthaei, L. Young, and E. M. T. Jones, Microwave filters, impedance-
matching networks, and coupling structures, Mc Graw-Hill, New York, 1964, 
pp. 434-437. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 - 103 -
CHAPTER IV 
RECONFIGURABLE BALANCED ANTENNA AND ITS 
MIMO APPLICATIONS 
This chapter presents three wideband reconfigurable balanced antennas for use in 
current and future mobile wireless communication systems and considers its potential 
for reconfigurable MIMO applications. The balanced antenna is a simple dipole and 
using a single external matching circuit and a balun, the antenna can provide a wide 
tuning range.  
 
However, the first two antennas studied experience high dissipation loss in the 
lumped elements in the circuit which leads to low efficiency. This problem can be 
solved either using low loss components (such as LTCC) or a bigger size of antenna 
element. Thus, a third antenna will be described. When combined with a two-port 
chassis-antenna, which has a wide tuning range, it becomes a reconfigurable MIMO 
antenna for small terminals with good isolation. To the best of my knowledge this is 
the first reconfigurable MIMO antenna with such a wide tuning range. This is an 
original concept and has been filed for two patents [1 and 2]. 
 
There are three main reasons for choosing a balanced antenna for this application: 
1. It has low correlation with unbalanced antennas; 
2. It has high isolation from the chassis, which reduces the user effect and the 
mobile terminal can be shaped quite freely; 
3. Simple design with low cost. 
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All of the simulations presented in this chapter were performed using the transient 
solver in CST Microwave Studio®. The s-parameter file representing the antenna 
response was used as a starting point for designing the matching networks. 
Microwave Office was then used to adjust the value of each component to optimise 
the return loss performance of the antenna. 
 
4.1. Antenna Configuration 
The balanced antenna is a thin dipole. Fig. 4.1 illustrates the reconfigurable balanced 
antenna system configuration. It consists of a single external matching network and a 
balun. The matching network has two identical L-network matching circuits, which 
are connected to each leg, and then connected to an LC balun. Each L-network 
matching circuit incorporates a single varactor diode together with a bank of fixed 
inductors. To minimize the component count, the design of the matching network and 
the balun is co-optimized. The maximum capacitance for varactors was set to 10 pF, 
although higher upper values could have been used they give little extra tuning range. 
The range of capacitance for each varactor was optimized to achieve maximum tuning 
range. In practice, the full capacitance range might be impractical or expensive. 
However, it shows the antenna can potentially cover such wide frequency ranges. 
 
 
 
Fig. 4.1 Reconfigurable balanced antenna system configuration 
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4.2. Reconfigurable Balanced Antenna with Single Tunable 
Resonant Frequency 
This section presents a small reconfigurable dipole (i.e. 40×14 mm2), which enables a 
frequency tuning range from 700 MHz up to 2434 MHz with a 6 dB loss across the 
operating band with only 1 matching circuit [1]. For the DVB-H band or beyond 2500 
MHz, additional matching circuits are required. Although it has high dissipated loss 
on the lumped elements in the circuit and low efficiency at low frequency such as 700 
MHz, its size is suitable for MIMO applications in small terminals, for example, 
Watch Cell Phone. 
 
4.2.1. Antenna Design and Structure 
The balanced antenna, shown in Fig. 4.2, is 40 mm×14 mm in size and has a total size 
of 110×40mm2 and ground plane size of 100×40mm2. The antenna was designed on a 
microwave substrate material, Taconic TLY-3-0450-C5, which has a permittivity of 
2.33, loss tangent of 0.0009, a thickness of 1.143 mm, and metal thickness of 0.01778 
mm. The dimensions of the balanced antenna are given in Table 4.1. 
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H 5 mm w4 12mm 
W 40 mm w5 14 mm
L1 114 mm l1 2 mm 
L2 100 mm l2 10 mm
w1 14 mm l3 2 mm 
w2 5 mm l4 2 mm 
w3 17 mm l5 12 mm
Table 4.1 Dimensions for the antenna shown in Fig. 4.2 
(a)                                                                      (b) 
 
(c) 
Fig. 4.2 The structure of balanced antenna with opening gap (a) front view; (b) back 
view; (c) overview of antenna element 
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4.2.2. Performance of the Antenna 
The antenna system is shown in Fig. 4.1. By operating with the circuit schematic in 
Fig. 4.3, this antenna enables a frequency tuning range from 700 MHz up to 2434 
MHz with a 6 dB return loss when the varactor, denoted as “C1”, is varied from 0.1 pF 
to 10 pF, as shown in Fig. 4.4. The other values of the circuit elements used in the 
matching circuit (ideal components, i.e. no parasitics) are shown in Fig. 4.3.  
 
 
 
 Fig. 4.3 The circuit schematic of balanced antenna as shown in Fig. 4.2 
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Fig. 4.4 Simulated resonant frequencies with reflection coefficient above 6 dB 
when the varactors C1 vary from 10 pF to 0.1 pF. 
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Figs. 4.5 and 4.6 illustrate the current distribution and farfield plots for the small 
balanced antenna as shown in Fig. 4.2. Fig. 4.5 shows there is almost no current on 
the chassis. Thus the antenna is isolated from the chassis to reduce the user effect 
compared with conventional unbalanced antennas incorporating a chassis, such as 
PIFA, IFA, Monopole, Helix and etc. Due to the small effect of the chassis, it offers 
freedom in shaping of the mobile terminal.  
 
 
 
                  
(a)                                                                     (b) 
Fig. 4.6 Farfield for the small balanced antenna at 702 MHz 
Fig. 4.5 Current distribution when driving the balanced antenna shown in Fig. 4.2 
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Table 4.2 shows the simulated radiation efficiency, total efficiency and realized gain 
for the balanced antenna for the ideal components (i.e. no parasitics loss) and real 
components (i.e. with parasitics loss), respectively. The small balanced antenna, 
incorporating ideal lumped elements, has high efficiency, i.e. -1.50 dB for total 
efficiency, as shown in Table 4.2. When incorporating real lumped elements, the total 
efficiency drops to -11.84 dB. It is found that such an efficiency drop is due to the 
electrically small size of the radiating element and dissipation loss in the components. 
Using low loss components (such as LTCC) or a bigger size of radiating element can 
eliminate this problem. 
 
 
4.3. Reconfigurable Balanced Antenna (50mm) with Three 
Tunable Resonant Frequencies 
This section presents a reconfigurable balanced antenna, consisting of L shaped dipole 
arms, is 50mm×40 mm in size, which enables three tunable resonant frequencies 
simultaneously to cover from 633 MHz to over 3000 MHz with a 6 dB loss with only 
1 matching circuit [2-3]. For the DVB-H band, an additional matching circuit is 
required. However, the simulated prototype, with other supported material, shows 
there is some dissipated loss in the lumped elements and substrate and leading low 
efficiency at low frequency, i.e. -6.485 dB at 696 MHz. However, the exceptional 
Circuit 
Components 
Frequency 
(GHz) 
Refl. 
Coeff. 
(dB) 
Radiation 
Efficiency 
(dB) 
Total 
Efficiency 
(dB) 
Realized 
Gain (dB) 
Ideal 0.702 -12.1 -1.22 -1.50 0.39 
Real 0.672 -18.4 -11.78 -11.84 -9.97 
Table 4.2 Simulated radiation efficiency, total efficiency and realized gain for 
the prototype shown in Fig. 4.2 when both C1 were 10 pF 
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tuning range makes this antenna suitable for MIMO applications in small terminals 
when realised with lower loss supporting material.  
 
4.3.1. Antenna Design and Structure 
The balanced antenna, consisting of L shaped dipole arms, is 50 mm×40 mm in size 
with a 1 mm track width and has a total size of 110×40mm2 and ground plane size of 
100×40mm2, as shown in Fig. 4.7. The antenna was designed on a microwave 
substrate material, Taconic TLY-3-0450-C5, which has a permittivity of 2.33, loss 
tangent of 0.0009, a thickness of 1.143 mm, and metal thickness of 0.01778 mm. The 
dimensions of the balanced antenna are given in Table 4.3. 
 
 
(a) 
 
(b) 
 
(c) 
Fig. 4.7 The structure of balanced antenna with opening gap (a) front view; (b) 
back view; (c) overview of antenna element
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4.3.2. Performance of the Antenna 
The antenna circuit schematic is shown in Fig. 4.8. The antenna has three tunable 
resonant frequencies which simultaneously cover from 633 MHz to over 3000 MHz 
with a 6 dB loss with only 1 matching circuit, as shown in Fig. 4.9. By varying the 
varactors (capacitors), denoted as “C1”, from 10 pF to 0.1 pF it is possible to 
simultaneously tune the low-band resonant frequency from 648 MHz to 1616 MHz, 
the mid-band (from 1704 MHz to 2560 MHz) and the high-band (from 2280 MHz to 
over 3000 MHz) while maintaining a return loss above 6 dB, as shown in Fig. 4.10. 
The other values of the circuit elements used in the matching circuit without parasitics 
are shown in Fig. 4.8. For DVB-H band, some additional matching circuits are 
required. 
 
 Fig. 4.8 The circuit schematic of balanced antenna as shown in Fig. 4.7 
H 5 mm L1 110 mm 
W 40 mm L2 100 mm 
l1 50 mm l2 19 mm 
l3 10 mm d 2 mm 
w 1 mm - - 
Table 4.3 Dimensions for the antenna shown in Fig. 4.7 
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Table 4.4 shows the simulated radiation efficiency, total efficiency and realized gain 
for the balanced antennas as shown in Figs. 4.7 and 4.11, incorporating ideal 
components without parasitics and real components with parasitics, respectively. The 
balanced antenna, shown in Fig. 4.7, incorporating ideal lumped elements, has a high 
efficiency of at least -1 dB for total efficiency at 0.651 GHz, as shown in Table 4.4. 
When incorporating real components, the total efficiency drops to -3.80 dB at 0.693 
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Fig. 4.10 Simulated resonant frequencies with return loss above 6 dB (for low-
band, mid-band and high-band) when the varactors C1 vary from 10 pF to 0.1 pF. 
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Fig. 4.9 Simulated resonant frequencies with return loss above 6 dB when the 
varactors C1 vary from 10 pF to 0.1 pF. 
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GHz due to dissipated loss. However, when the balanced antenna, integrated with 
supported material, such as substrate (TLY-3-0450-C5) and RocahellTM with a 
dielectric constant of 1.08, shown in Fig. 4.11, the total efficiency at 0.696 GHz is 
only -6.49 dB, which is a bit lower than the industry requirement, which is at least -
4.5 dB for the main TX & RX antenna and -5.5 dB for the 2nd RX antenna. Using 
lower loss support material or lower loss lumped elements (i.e. LTCC) would address 
this problem. 
 
 
Circuit 
Components Prototype Bands 
Frequency
(GHz) 
Refl. 
Coeff. 
(dB) 
Radiation
Efficiency
(dB) 
Total 
Efficiency 
(dB) 
Realized 
Gain 
(dB) 
Low 0.651 -16.1 -0.89 -0.10 1.15 
Mid 1.701 -25.6 -0.58 -0.60 3.38 Ideal Fig. 4.7 
High 2.286 -6.0 -0.02 -1.28 3.12 
Low 0.693 -10.9 -3.44 -3.80 -1.86 
Mid 1.692 -11.6 -1.20 -1.51 2.39 Fig. 4.7 
High 2.268 -7.6 -0.48 -1.30 3.26 
Low 0.696 -15.7 -6.37 -6.49 -4.93 
Mid 1.539 -12.9 -1.63 -1.86 1.73 
Real 
Fig. 4.11 
High 1.992 -22.6 -0.70 -0.72 4.51 
Table 4.4 Simulated radiation efficiency, total efficiency and realized gain for the 
prototype shown in Figs. 4.7 and 4.11, respectively, when both C1 were 10 pF. 
 
Fig. 4.11 The structure of prototype antenna with 50mm legs 
(yellow – metal; blue – microwave substrate; green – RocahellTM)
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4.4. Reconfigurable Balanced Antenna (70mm) with Three 
Tunable Resonant Frequencies 
This section presents a third reconfigurable balanced antenna to address the low 
efficiency problem. The balanced antenna is a simple thin dipole as in the 2nd 
structure. Using the same circuit structure, the antenna can provide three tunable 
resonant frequencies simultaneously to cover the low band (705 MHz to 951 MHz), 
mid-band (1692 MHz to 2457 MHz) and high-band (2862 to over 3000 MHz). This 
antenna, incorporating real components, provides at least -3.77 dB of total efficiency 
at 684 MHz [2-4].  
 
4.4.1. Antenna Design and Structure 
The balanced antenna, consisting of L shaped dipole arms, is 70 mm×40 mm in size 
with a 1 mm track width and has a total size of 110×40mm2 and ground plane size of 
100×40mm2, as shown in Fig. 4.12. The antenna was designed on a microwave 
substrate material, Taconic TLY-3-0450-C5, which has a permittivity of 2.33, loss 
tangent of 0.0009, a thickness of 1.143 mm, and metal thickness of 0.01778 mm. The 
dimensions of the balanced antenna are given in Table 4.5. 
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4.4.2. Performance of Antenna 
The circuit schematic for the balanced antenna is shown in Fig. 4.13. Figs. 4.14 and 
4.15 show the simulation results. Fig. 4.14 illustrates the effect of varying the 
capacitors C1 from 10 pF to 0.28 pF. This moves the resonant frequencies 
simultaneously to cover the low-band from 705 MHz to 951 MHz, the mid-band from 
1692 MHz to 2457 MHz and the high-band from 2826 MHz to over 3000 MHz, while 
maintaining a return loss above 6 dB, as shown in Figs. 4.15. The simulation results, 
using ideal components, show that this antenna has three bands behaviour. The low-
band and mid-band can cover most of the existing cellular services, while the low-
band can be tuned to cover LTE700, GSM850 and EGSM900, the mid-band can be 
tuned to cover PCN, GSM1800, GSM1900, PCS and UMTS. 
Fig. 4.12 The structure of balanced antenna (yellow-metal; blue-microwave 
substrate) 
 
H 5 mm L1 110 mm
W 40 mm L2 100 mm
l1 70 mm l2 19 mm 
l3 10 mm d 2 mm 
w 1 mm - - 
Table 4.5 Dimensions for the antenna showed in Fig. 4.12  
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Fig. 4.14 Simulated reflection coefficient when the varactors vary from 10 pF to 0.28 
pF. 
  
Fig. 4.13 The circuit schematic of balanced antenna shown in Fig. 4.12 
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Table 4.6 shows the simulated radiation efficiency, total efficiency and realized gain 
for the balanced antennas as shown in Figs. 4.12 and 4.16, incorporating ideal 
components without parasitics and real components parasitics, respectively. The 
balanced antenna, shown in Fig. 4.12, incorporating ideal components, has a higher 
efficiency, at least -0.15 dB total efficiency at 0.705 GHz, as shown in Table 4.6. 
When incorporating real components, the total efficiency drops to -4.57 dB at 0.702 
GHz due to dissipation. When the balanced antenna, integrated with supported 
material, such as substrate (TLY-3-0450-C5) and RocahellTM, as shown in Fig. 4.16, 
the total efficiency at 0.681 GHz is -3.964 dB, which meets the industry requirement. 
Using lower loss supported material or lower loss lumped elements (i.e. LTCC) would 
increase the efficiency. 
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Fig. 4.15 Simulated resonant frequencies with return loss above 6 dB (for low-
band, mid-band and high-band) when the varactors C1 vary from 10 pF to 0.28 pF. 
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4.5. Reconfigurable MIMO Antenna 
4.5.1. MIMO Antenna Design and Structure 
The proposed antenna shown in Fig. 4.17 consists of a balanced antenna element, 
which is described in the previous section, and a two-port chassis-antenna [5 and 6], 
which has been described in Chapter 3. The MIMO antenna has a total size of 118×40 
mm2 and ground plane size of 100×40 mm2. The coupling elements also occupy a 
small volume of 40×4×7 mm3. Both antennas were fabricated on a microwave 
Circuit 
Components Prototype Bands 
Frequency
(GHz) 
Refl. 
Coeff. 
(dB) 
Radiation
Efficiency
(dB) 
Total 
Efficiency 
(dB) 
Realized 
Gain 
(dB) 
Low 0.705 -14.8 0 -0.15 1.13 
Mid 1.689 -19.5 -0.25 -0.30 4.61 Ideal Fig. 4.12 
High - - - - - 
Low 0.702 -17.6 -4.50 -4.57 -3.28 
Mid 1.686 -21.5 -2.01 -2.04 2.90 Fig. 4.12 
High - - - - - 
Low 0.681 -14.1 -3.79 -3.96 -2.75 
Mid 1.599 -22.3 -2.04 -2.07 2.71 
Real 
Fig. 4.16 
High 2.850 -17.5 -1.42 -1.50 5.90 
Table 4.6 Simulated radiation efficiency, total efficiency and realized gain for the 
prototype shown in Figs. 4.12 and 4.16, respectively, when both C1 were 10 pF. 
Fig. 4.16 The structure of prototype antenna with 70mm legs 
(yellow – metal; blue – microwave substrate; green – RocahellTM) 
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substrate material, Taconic TLY-3-0450-C5, which has a permittivity of 2.33, loss 
tangent of 0.0009, a thickness of 1.143 mm, and metal thickness of 0.01778 mm. The 
substrate supporting the balanced antenna is much wider and longer than the antenna 
itself to provide mechanical support. The balanced antenna element and the coupling 
elements for the chassis antenna are supported with RohacellTM. The dimensions of 
the balanced antenna are given in Table 4.5. 
 
 
  
(a) 
 
(b) 
(c) 
Fig. 4.17 The structure of MIMO antenna (a) front view; (b) back view; (c) 
fabricated prototype. (yellow – metal; blue – microwave substrate; green – 
Rohacell structural support) 
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4.5.2. Matching Circuits 
As mentioned earlier, for the balanced antenna, two identical L-network matching 
circuits are connected to each leg, and then connected to an LC balun. For the chassis-
antenna, an L-network matching circuit is connected to each of the coupling elements. 
The MIMO antenna was simulated in CST Microwave Studio®. The s4p file 
representing the frequency response of the antenna was then used to determine 
optimum component values in each matching circuit using Microwave Office, from 
Applied Wave Research. Each matching circuit incorporates a single varactor diode 
together with a bank of fixed inductors. The circuit schematics for the MIMO antenna 
are shown in Fig. 4.18. 
 
In the demonstrator antenna, four varactor diodes (MV34003-150A) were used, with 
capacitance variable from 0.409 pF to 15.435 pF for an applied voltage of 15 V to 0 V. 
A dc bias line, incorporating a 10 k Ω resistor was attached to the anode of each 
varactor, to supply +ve voltage. A 10 k Ω resistor is used for damping any residual RF 
signals appearing on the dc line. The –ve voltage is supplied from the inner conductor 
of one of the SMA connectors by using a bias-tee (ZX85-122G-S+, from Mini-
Circuits®). 
 
 
Fig. 4.18 The circuit schematics for the MIMO antenna of Fig. 4.17. 
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4.5.3. Results 
Fig. 4.19 shows the measured reflection coefficient for the balanced antenna, which 
illustrates operation in the three simultaneous bands. Ports 2 and 3, of the chassis-
antenna, were open circuit during the measurement. The varactors were varied from 0 
V to 15 V. The resonant frequency varies from 646 MHz to 848 MHz for the low 
band, 1648 MHz to 2074 MHz for the mid-band and 2512 MHz to over 3000 MHz for 
high band, while maintaining a return loss above 6 dB. Table 4.7 shows the measured 
reflection coefficient for both ports of the chassis-antenna while the varactor voltages 
vary from 0 V to 15 V. During measurements on each port, the other two ports are left 
open circuit. Unlike the balanced antenna each port of the chassis antenna has a single 
resonance. The frequencies of each port vary from 597 MHz to 1124 MHz and 1586 
MHz to 2332 MHz, respectively. Thus, the antenna provides MIMO operation from 
646 MHz to 848 MHz and 1648 MHz to 2074 MHz. It is likely that the frequency 
tuning range could be increased, if the capacitance tuning range of the varactor was 
wider. 
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Fig. 4.19 Measured reflection coefficient for the balanced antenna when two 
varactors varied from 0 V to 15 V simultaneously 
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The instantaneous bandwidth at various frequencies for ports 2 and 3 are shown in 
Table 4.7. The bandwidth of port 1 for the same frequencies is also shown. The 
smallest of these thus represent the instantaneous MIMO bandwidth. It can be seen 
that port 2 gives a considerably narrower bandwidth than port 3. Table 4.7 shows that 
the minimum MIMO bandwidth is 14 MHz (at 771 MHz centre frequency) and the 
maximum MIMO bandwidth is 93 MHz (at 1812 MHz centre frequency). 
 
 
Table 4.8 gives the measured S parameters for the MIMO antenna configuration. It is 
clear that isolation is good and at least 15 dB over all the bands. Please note that the 
capacity and efficiency would be considerably decreased by the poor isolation 
between the antennas. According to the LTE MIMO antenna specification from Sony 
Ericsson, at least 10 dB and 15 dB of isolation at low bands and high bands 
respectively are necessary for handset. For good MIMO operation, only port isolation 
is not sufficient and an investigation in a rich multipath environment on other 
parameters, i.e. correlation coefficient, power imbalanced, diversity gain, average 
Table 4.7 Measured reflection coefficient for the port 2&3 (chassis-antenna) with 
varactor varied from 0 V to 15 V, respectively 
 Voltage (V) 
Freq.  
(MHz) 
Refl. Coeff. 
(dB) 
Bandwidth@ 
6 dB (MHz)
Bandwidth for Port 1 
at same frequency 
(MHz)  
0 597 -19.72 39 - 
1 644 -21.30 42 17 
3.5 771 -32.71 34 14 
7 921 -18.32 44 - 
12 1075 -12.03 41 - 
Port 2 
15 1124 -10.62 35 - 
0 1586 -21.60 236 - 
1 1631 -25.97 289 73 
3.5 1812 -15.89 233 93 
7 2067 -18.41 224 61 
12 2300 -25.11 204 - 
Port 3 
15 2332 -23.91 189 - 
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capacity increase, etc, is needed. However, this is beyond of the goal of this research 
and would be suggested for future work. 
 
 
Tables 4.9 to 4.11 show the measured realized gain for the three ports of MIMO 
antenna, shown in Fig. 4.17. The values of realized gain for those three ports were 
also plotted in Fig. 4.20. The balanced antenna, used as 2nd RX antenna, the realized 
gain meets the industry requirement (i.e. at least -4.5 dB for main TX & RX antenna 
and -5.5 dB for 2nd RX antenna at free space). However, the chassis-antenna, used as 
main TX & RX antenna, had minimum realized gain at low frequency, i.e. -6.4 dBi at 
684 MHz. Such low gain was due to dissipation on the external matching of the 
balanced antenna. Tables 4.10 and 4.11 shows that the effect of loss on the matching 
circuits were less in mid and high frequencies. Studies and solution, focused on the 
low gain of chassis-antenna, will be provided in the next section. The simulated 
radiation efficiency, total efficiency and realized gain for the balanced antenna, while 
the two capacitors are fixed at 10 pF and 3 pF, respectively, were shown in Table 4.12. 
The results include the losses in the matching circuit, both loss in lumped components 
and the strip line. The total efficiency for low bands is above -4 dB, for mid bands and 
high bands it is above -3 dB. These values compare well with those for the chassis-
Table 4.8 Measured S parameters for the MIMO antenna of Fig. 4.17 
*applied voltage to the varactors of balanced antenna 
+applied voltage to the varactors of chassis-antenna 
Voltage (V) Ports Frequency (MHz) S11 (dB) S22 (dB) S21 (dB) 
0* & 1.3+ 1 & 2 646 -16.85 -32.14 -20.15 
1.72* & 2.53+ 1 & 2 710 -16.25 -27.21 -17.17 
6.85* & 5.6+ 1 & 2 850 -10.85 -36.53 -18.25 
0* & 1.1+ 1 & 3 1645 -14.62 -25.36 -26.57 
1.9* & 2.1+ 1 & 3 1710 -16.01 -18.71 -25.40 
12* & 6.4+ 1 & 3 2050 -13.09 -14.54 -15.58 
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antenna reported in Ref. [6]. The realized gain of the chassis antenna is repeated in 
Table 4.12 for comparison. 
 
 
Table 4.9 Measured realized gain of port 1 of the MIMO antenna, shown in Fig. 4.17 
Balanced Antenna (Port 1) 
 Voltage (V) Direction
Frequency 
(MHz) 
Realized 
Gain (dBi) 
0 -Y 648 -2.4 
1.15 -Y 684 -4.1 
3.7 -Y 774 -1.1 
6 -Y 834 -0.6 
8 -Y 870 -2.4 
10 -Y 889 -2 
11 -Y 893 -2.9 
13 -Y 909 -4.9 
Low 
Band 
15 -Y 918 -5.1 
0 -X 1605 1.3 
2.25 -X 1722 5.2 
5 -X 1832 5.4 
8 -X 1932 4.6 
10 -X 1989 3.6 
13 -X 2048 4.8 
Mid 
Band 
15 -X 2062 4.7 
0 +Z 2522 -0.6 
3 +Z 2553 -1.4 
5 +Z 2590 -2.8 
8 +Z 2646 -2.8 
0 +Z 2892 5.6 
High 
Band 
2.75 +Z 2946 5.2 
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Table 4.11 Measured realized gain of port 3 of the MIMO antenna, shown in Fig. 4.17 
Chassis-Antenna Small Element (Port 3) 
Voltage (V) Direction Frequency (MHz) 
Realized 
Gain (dBi) 
0 +Z 1586 2.2 
0.83 +Z 1605 2.7 
3.5 +Z 1704 3.2 
7 +Z 2096 1.7 
12 +Z 2379 0.6 
Table 4.10 Measured realized gain of port 2 of the MIMO antenna, shown in Fig. 4.17 
Chassis-Antenna Large Element (Port 2) 
Voltage (V) Direction Frequency (MHz) 
Realized 
Gain (dBi) 
0 +X 583.5 -0.6 
1 +X 597 -4.1 
1.85 +X 684 -6.4 
3 +X 745.5 -4 
4 +X 772.5 -3.2 
4.05 +X 774 -3.1 
5 +X 813 -0.8 
6 +X 880.5 -1.5 
7 +X 907.5 -1.9 
8 +X 921 -2.7 
9 +X 975 -2.3 
10 +X 1029 -2.5 
11 +X 1042.5 -1.4 
15 +X 1110 -3.4 
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4.5.4. Gain Improvement for Chassis-Antenna in MIMO Structure 
As mentioned earlier, the total efficiency of the MIMO antenna should be at least -4.5 
dB for main TX & RX antenna and -5.5 dB for 2nd RX antenna. Compared to that 
shown in ref. [6], the realized gain of the chassis antenna, when integrated with a 
balanced antenna, dropped at least 5 dB at low frequencies. One of the most 
Fig. 4.20 Measured realized gain for three ports of the MIMO antenna, shown in Fig. 4.17
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Table 4.12 radiation efficiency, total efficiency and realized gain for the prototype of Fig. 
4.17 
Balanced Antenna Chassis-Antenna 
Capacitor 
For 
Balanced 
Antenna 
Frequency 
(MHz) 
Simulated
Refl. Coe. 
(dB) 
Simulated 
Rad. Effic. 
(dB) 
Simulated 
Tot. Effic. 
(dB) 
Simulated 
Rlzd. Gain
(dB) 
Measured 
Rlzd. Gain
(dB) 
Simulated 
Rlzd. 
Gain* (dB) 
Simulated 
Rlzd. Gain+ 
(dB) 
Measured 
Rlzd. Gain+
(dB) 
684 -17.93 -3.70 -3.77 -2.48 -4.1 -7.89 -7.89 -6.4 
1605 -22.21 -2.23 -2.25 2.56 1.3 4.37 4.37 2.7 10 pF 
2892 -21.83 -1.48 -1.51 5.65 5.6 - - - 
774 -12.44 -2.70 -2.96 -1.92 -1.1 -4.73 -2.21 -3.1 
1722 -33.45 -1.89 -1.89 2.38 5.2 4.43 4.54 3.2 3 pF 
2946 -26.83 -1.55 -1.56 5.10 5.2 - - - 
* both antennas were operating at the same frequency 
+ only chassis-antenna is in operation at that frequency while the capacitors for balanced antenna 
was fixed at 10 pF
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promising solutions to address this problem is to isolate the two matching circuits by 
introducing slot in the ground plane, as shown in Fig. 4.21.  
 
 
Table 4.13 shows the simulated reflection coefficient, radiation efficiency, total 
efficiency and realized gain for the MIMO antenna with a slot in the ground plane, as 
shown in Fig. 4.21. It is clear that, the realized gain for the chassis-antenna has been 
improved by 6.28 dB (79.6%) at 687 MHz, without affecting other parameters, 
compared the one shown in Table 4.12. 
 
 
Table 4.13 Simulated reflection coefficient, radiation efficiency, total efficiency and realized 
gain for the prototype of Fig. 4.21 
Balanced Antenna Chassis-Antenna  
Capacitor 
For 
Balanced 
Antenna 
Frequency 
(MHz) 
Simulated
Refl. Coe. 
(dB) 
Simulated 
Rad. Effic. 
(dB) 
Simulated 
Tot. Effic. 
(dB) 
Simulated 
Rlzd. Gain
(dB) 
Simulated
Refl. Coe. 
(dB) 
Simulated 
Rad. Effic. 
(dB) 
Simulated 
Tot. Effic. 
(dB) 
Simulated 
Rlzd. Gain 
(dB) 
Simulated 
Isolation
(dB) 
687 -20.16 -3.34 -3.38 -2.10 -12.92 -3.36 -3.59 -1.61 -48.92 
1722 -12.64 -1.24 -1.70 1.80 -10.01 -0.45 -0.70 4.49 -28.99 10 pF 
- - - - - - - - - - 
Fig. 4.21 The back view of MIMO antenna with slot line on ground plane (yellow 
– metal; blue – microwave substrate; green – Rohacell structural support) 
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4.5.5. Current Distribution and Radiation Pattern 
Table 4.12 shows that the MIMO antenna can provide high efficiency while 
maintaining high isolation between two antennas, i.e. -48.92 dB at 687 MHz and -
28.99 dB at 1722 MHz. Such high isolation can be explained by analysing the current 
distribution and radiation pattern. Figs. 4.22 – 4.25 show the current distribution for 
each port at 687 MHz and 1722 MHz, respectively. Figs. 4.26 – 4.29 show the farfield 
plot for each port at 687 MHz and 1722 MHz, respectively. From Figs. 4.22 and 4.24, 
it is clear that the current were concentrated on the balanced antenna with much less 
on the chassis and the coupling elements. Conversely, the current were distributed on 
the whole structure for the chassis-antenna as the coupling elements are used to excite 
the resonant modes in the handset chassis, shown in Figs. 4.23 and 4.25. From those 
farfield plots shown in Figs. 4.26 – 4.29, it is clear that the maximum directivity for 
both antennas is different. 
 
Fig. 4.22 Current distribution for port 1 (balanced antenna) of MIMO antenna at 
687 MHz 
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Fig. 4.25 Current distribution for port 3 (Chassis antenna) of MIMO antenna at 
1722 MHz 
Fig. 4.24 Current distribution for port 1 (balanced antenna) of MIMO antenna at 
1722 MHz 
Fig. 4.23 Current distribution for port 2 (Chassis antenna) of MIMO antenna at 
687 MHz 
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Fig. 4.27 Farfield plot for port 2 (balanced antenna) of MIMO antenna at 687 MHz
 
Fig. 4.26 Farfield plot for port 1 (balanced antenna) of MIMO antenna at 687 MHz
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Fig. 4.29 Farfield plot for port 3 (balanced antenna) of MIMO antenna at 1722 
MHz 
 
Fig. 4.28 Farfield plot for port 1 (balanced antenna) of MIMO antenna at 1722 
MHz 
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4.6. Summary 
This chapter presents three different structures of wideband reconfigurable balanced 
antennas for use in current and future mobile wireless communication systems and its 
potential for reconfigurable MIMO applications. To the best of our knowledge this is 
the first reconfigurable MIMO antenna with such a wide tuning range. Section 4.2 
introduced a small dipole (i.e. 40×14 mm2), which enables a frequency tuning range 
from 700 MHz up to 2434 MHz with a 6 dB loss across the operating band with only 
1 matching circuit. Section 4.3 introduced a thin balanced loop with 50 mm length of 
each leg and 1 mm width, which enables three tunable resonant frequencies 
simultaneously to cover from 633 MHz to over 3000 MHz. However, the first two 
proposed antennas, shown in sections 4.2 and 4.3, experience high dissipated loss on 
the lumped elements in the circuit which leads to low efficiency. This problem can be 
solved either use low loss components (such as LTCC) or a bigger size of antenna 
element. Thus, the third antenna is proposed in section 4.4. The thin balanced dipole, 
with 70 mm length of each leg, can provide three tunable resonant frequencies 
simultaneously to cover the low band (705 MHz to 951 MHz), mid-band (1692 MHz 
to 2457 MHz) and high-band (2862 to over 3000 MHz), with good efficiency. 
 
When the balanced antenna combined with a two-port chassis-antenna, which has a 
wide tuning range, it becomes a reconfigurable MIMO antenna for small terminals 
with good isolation. By inserting a slot into the ground plane, isolation is much 
improved. And this also improves the gain of chassis-antenna. 
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CHAPTER V  
WIDEBAND CONICAL MONOPOLE ANTENNA WITH 
FREQUENCY NOTCH-BAND BEHAVIOUR 
This chapter presents conical monopole antennas incorporating different types of slots 
to achieve good band-rejection behaviour. Compared to the previous work reported in 
the literature, these conical monopole antennas provide omni-directional patterns 
throughout the operating band, even at high frequencies. The different shaped slots 
offer a choice of narrow or wide rejection band (i.e. high Q or low Q). Some of the 
designs provide significantly improved peak gain suppression in the vertical 
polarisation. 
 
 A new equivalent circuit model has been created for the wideband conical monopole 
antenna with frequency notch-band. It has been shown that the band-rejection can be 
improved by enhancing the antenna-slot coupling factor or by increasing the number 
of resonators. An analysis of the relationship between the quality (Q) factor and the 
coupling factor is also presented. 
 
All of the simulations presented in this chapter were performed using the transient 
solver in CST Microwave Studio®. The equivalent circuit simulations were performed 
using Advanced Design System. 
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5.1. Wideband Conical Monopole Antenna with 2 C-Shaped 
Slots 
This section presents a new elliptical cone monopole antenna with two C-shaped slots 
[1]. The monopole antenna is comprised of a conical section, mounted perpendicular 
to the centre of the ground plane. The band-notch is created by cutting two slots into 
the surface of the cone. One of the key strengths of the antenna is that it provides very 
high gain suppression (about 41.5 dB) to the vertical polarization at the notch-band 
frequency in four specific directions of the vertical polarizations and 11.3 dB of 
suppression in all directions. 
 
5.1.1. Antenna Design and Structure 
Fig. 5.1 illustrates the structure of the antenna. A prototype of the antenna has been 
machined from solid copper, as shown in Fig. 5.2. Details of the manufacturing 
process are given in Appendix G. A second, elliptical cone antenna without slots, 
named as “Reference Antenna”, was also fabricated. Table 5.1 gives dimensions of 
the prototype. The 3-10 GHz, UWB, band has been chosen for the demonstrator for 
case of manufacture and straightforward comparison with the other numerous UWB 
notched antennas. However the concept may be useful for other frequencies bands 
and applications. This elliptical cone shaped antenna is inherently a wide band 
radiating element having an omni-directional radiation pattern [2], and is therefore 
will suited for use in wideband systems [3-4]. In this conical antenna the current is 
distributed evenly around the circumference, so that the slot can couple more strongly 
than other shapes, particularly planar types in which the current is concentrated along 
the edge. In addition, the bottom of an elliptical cone is larger than other shapes, such 
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as a V-shaped cone, which enables the slot to be located closer to the feed-point, to 
further enhance coupling. The elliptical cone antenna has three parameters, namely 
the height of the cone, the flare angle, and the distance between the base of the cone 
and the ground plane. By adjusting these parameters, it is possible to optimize the 
antenna’s radiation pattern and input impedance [3].  
 
 
(a) 
 
(b) 
Fig. 5.1 (a) Structure of an elliptical cone antenna incorporating two C-shaped slots; 
(b) 3D view of the slotted antenna. 
 
Table 5.1 Dimensions for wideband conical antenna with 2 C-shaped slots 
H 20.0 mm g 1.0 mm 
ws 0.5 mm r 4.4 mm 
d 2.0 mm hf 1.0 mm 
Wg 40.0 mm tg 0.5 mm 
α 80˚ tc 0.5 mm 
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5.1.2. Simulation and Measurement Results 
5.1.2.1. Reflection Coefficient 
Simulations were performed using the transient solver in CST Microwave Studio®. 
Fig. 5.3 shows the measured and simulated reflection coefficient curves for the slotted 
and reference antennas. In all cases the lowest reflection coefficient at about 10 GHz. 
For the simulated and measured antennas, the band notches are centred at 5.46 GHz 
and 5.42 GHz, where the return loss is 0.63 dB and 0.64 dB, respectively. The notch 
band has a 6 dB return loss bandwidth of 1107 MHz and 810 MHz, respectively. 
These correspond to quality factors of 4.93 and 6.70. The notch demonstrated here is 
illustrative of what might be used to suppress either the Hiperlan/2 bands in Europe 
(5.15-5.35 GHz, 5.470-5.725 GHz) or the IEEE 802.11a band in the U.S. (5.15-5.35 
GHz, 5.735-5.825 GHz).  
Fig. 5.2 Side view of the completed fabricated prototype.
 - 138 -
 
 
5.1.2.2. Radiation Patterns 
The measured E- and H- plane radiation patterns, for the reference antenna are 
presented in Fig. 5.4. These patterns were measured at 4 GHz, 8 GHz and 10 GHz. 
From Fig. 5.4, it is obvious that the elliptical cone antenna has a very stable omni-
direction pattern even at high frequency, i.e. 10 GHz. Table 5.2 shows the values of 
the standard deviation from omni-directional, for the reference antenna, are 0.23 dB, 
0.50 dB and 1.14 dB at 4 GHz, 8 GHz and 10 GHz, respectively.  
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Fig. 5.3 Simulated and measured reflection coefficient for reference and slotted 
antennas of Fig. 5.1 
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                                       (a)                                                                                      (b) 
           
                                         (c)                                                                                      (d)                                            
        
                                          (e)                                                                                   (f) 
Fig. 5.4 Measured normalised radiation patterns for the reference antenna at three 
different frequencies: (a) E-(zy-) plane, 4 GHz; (b) H- (xy-) plane, 4 GHz; (c) E- 
(zy-) plane, 8 GHz; (d) H- (xy-) plane, 8 GHz; (e) E- (zy-) plane, 10 GHz; (f) H- 
(xy-) plane, 10 GHz. 
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Fig. 5.5 shows simulated and measured radiation patterns for the antenna at 5.41 GHz 
in H-(xy) plane. There is a good agreement between the simulated and measured 
radiation patterns. The vertically polarized (co-polarisation or z directed) radiation 
pattern has two main lobes in the 0˚ and 180˚ positions with minor lobes in-between. 
The main lobes directions correspond to the centres of the C-shaped slots. There are 
also four nulls in the radiation pattern, which coincide with the directions of the sides 
of the slots. These nulls can be used to increase the gain suppression in the vertical 
polarization by placing them in the direction of known interfering signals. This would 
require mechanical rotation if the interference direction is dynamic, or appropriate 
mounting if the direction is fixed. For operation in a multipath environment, where 
interference may arrive at the antenna from multiple directions, suppression will be 
closer to the peak pattern levels. The frequency shown in the Fig. 5.5 is slightly 
different from the notch band centre frequency, because the nulls are quite sensitive to 
the frequency and the deepest nulls were slightly shifted away from the centre notch 
frequency. 
Frequency [GHz] Standard deviation from Omni-directional (dB) 
4 0.23 
8 0.50 
10 1.14 
Table 5.2 Standard deviation in dB from omni-directional for the reference antenna at 
4, 8 and 10 GHz 
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The measured E-(zy) and H-(xy) planes patterns for other frequencies are presented in 
Fig. 5.6. It is shown that the proposed antenna has an omni-direction pattern in the 
vertical polarisation even at high frequencies such as 10 GHz. Table 5.3 shows the 
values of the standard deviation from omni-directional, for the slotted antenna, are 
0.27 dB, 0.44 dB and 1.16 dB at 4 GHz, 8 GHz and 10 GHz, respectively. The large 
cross-polarisation, shown in Fig. 5.6, is due to relatively small square ground plane 
and can be reduced by a larger square ground plane or a circular ground. The reason 
for this is that the current return path for the antenna with the circular ground plane 
has the same length compared to the antenna with a square ground plane. Fig. 5.7 
shows the pattern comparison between the slotted antennas incorporating a 40×40 
mm2 square ground plane and a circular ground plane with 40 mm diameter at 10 
GHz. It is clear that using a circular ground can reduce the cross-polarization by at 
least 10 dB.  
 
 
Fig. 5.5 Simulated and measured normalized radiation patterns in H-(xy-) plane for 
the elliptical cone antenna with two C-shaped slots.
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                                  (a)                                                             (b) 
             
                                 (c)                                                               (d) 
             
                                   (e)                                                                  (f) 
Fig. 5.6 Measured normalized radiation patterns for the elliptical cone antenna with two C-
shaped slots at other three different frequencies: (a) E- (zy-) plane 4GHz; (b) E- (zy-) plane 8 
GHz; (c) E- (zy-) plane 10 GHz; (d) H- (xy-) plane 4 GHz; (e) H- (xy-) plane 8 GHz; (f) H-
(xy-) plane 10 GHz 
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5.1.2.3. Surface Current Analysis 
Fig. 5.8 plots the average surface current distribution for the slotted antenna at two 
different frequencies. The first frequency coincides with the centre of the notch-band 
Frequency [GHz] Standard deviation from Omni-directional (dB) 
4 0.27 
8 0.44 
10 1.16 
Table 5.3 Standard deviation in dB from omni-directional for the elliptical cone 
antenna with two C-shaped slots at 4, 8 and 10 GHz 
 
Fig. 5.7 Simulated normalized H- (xy-) plane radiation patterns for the slotted antenna 
at 10 GHz, incorporating a 40×40 mm2 square ground plane and a circular ground 
plane with 40 mm diameter, respectively  
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(5.456 GHz) and the second corresponds to the lowest reflection coefficient (10.784 
GHz). In Fig. 5.8(a), it is clear that at the notch band centre frequency, the current is 
most heavily concentrated around the C-shaped slots. There is almost no current flow 
on the surface of the elliptical cone, as expected, compared to the current at the lowest 
reflection coefficient in Fig. 5.8(b). These surface currents are calculated directly 
from the magnetic fields in CST Microwave Studio®. Analysis of simplified 
equivalent current sources associated with the slot edge currents will be analysed in 
the next section. 
 
 
5.1.2.4. Equivalent Current Sources Study 
In extraction current sources, because we are interested in the vertically polarised 
patterns, vertical currents are of interest. Extraction of the surface currents on the 
antenna and ground plane, at 5.41 GHz, indicated that presence of strong currents on 
the top of the slots, and on the ground plane edges. Fig. 5.9 shows surface current on 
the antenna and the relative locations of these current concentrations. To enable a first 
order analysis of the likely radiation pattern of these current sources, it is assumed 
     
                                (a)                                                                  (b) 
Fig. 5.8 Average surface current distribution for elliptical cone antenna with two C-
shaped slots at (a) centre of the notch band 5.456 GHz; (b) lowest reflection 
coefficient 10.784 GHz. 
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that firstly there are strong vertical components of the currents at these locations, 
either across the metal bridge at the top of the C slots, or on the ground plane edge, 
and that secondly that the currents are of equal magnitude. A simple array analysis 
using the equation [5] as below: 
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                    (5.1) 
in which, m=2 and n=4 in the x and y directions with distances dx=15mm and 
dy=20mm.  has a range from 0˚ to 360˚ and  is fixed at 90˚. Both values of phase 
shift (i.e. x and y ) are 0. This simple array analysis which assumes isotropic 
element patterns gives the radiation pattern shown in Fig. 5.10, compared to the 
simulated pattern in CST (Calculation details and Matlab code are given in Appendix 
C). Several conclusions can be drawn from this simplified analysis. Firstly the deep 
nulls at the notch frequency are due to the interaction of sources both on the cone and 
ground plane. This means that changes in the ground plane may affect the null depth, 
and in particular the use of the cone on a very large ground plane, such as a metallic 
vehicle might result in reduced null depth. For example, simulation shows when using 
a 80x80 mm2 square ground plane, the current concentration on the ground plane is 
changed and getting smaller, as shown in Fig. 5.11. CST Array Tools, shown in Fig. 
5.12 (details can be referred to Appendix C), has been used to analyse the current 
sources. Fig. 5.13 shows the simulated co-polarisation radiation pattern for the slotted 
antenna of Fig. 5.1 with 80 mm × 80 mm ground plane and the equivalent current 
sources as shown in Fig. 5.11. The simulation shows that the null depth is reduced by 
18 dB compared to the one with size of 40x40 mm2, as shown in Fig. 5.13. Secondly 
the application of this method to horizontally polarized patterns was not immediately 
successful, due, it is assumed to the more complex behaviour of the horizontally 
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oriented current sources. Additional simulations indicate that the nulls become 
unstable or disappear if using more than two C-shaped slots or other shaped slots. 
 
Fig. 5.9 Surface current plot and relative locations of current concentration on the 
cone and ground plane (ground plane size: 40 mm × 40 mm) 
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Fig. 5.11 Surface current plot and relative locations of current concentration on the 
cone and ground plane (ground plane size: 80 mm × 80 mm) 
 
Fig. 5.10 Simulated co-polarisation radiation pattern for the slotted antenna of Fig. 
5.1 and the equivalent current sources
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Fig. 5.13 Simulated co-polarisation radiation pattern for the slotted antenna of Fig. 
5.1 with 80mm × 80mm ground plane and the equivalent current sources as shown in 
Fig. 5.11 
 
Fig. 5.12 CST Array Tool parameters setting 
 - 149 -
5.1.2.5. Gain Suppression 
Fig. 5.14 shows the simulated total efficiency for the reference and slotted antennas. 
Over the operating frequency band, the total efficiency for the reference antenna is 
greater than -0.7 dB. The lowest total efficiency for the slotted antenna is -12.6 dB at 
5.43 GHz, which is close to the simulated notch centre frequency 5.46 GHz. Such low 
total efficiency shows that the slotted antenna can provide good average gain 
suppression for the notch band in all directions. Fig. 5.15 shows the measured power 
gain in dBi, in the azimuthal (xy-) plane, for the slotted and reference antenna. At the 
frequency of the band notch, the gain of the reference antenna is about 0.6 dBi. For a 
conventional monopole, a higher gain might be expected. Such a low gain is due to 
the small ground plane used and the fact that the maximum directivity is not in the H-
(xy-) plane. In the direction of the main lobe, shown in Fig. 5.5, (+x, or
0 ), the 
gain is reduced to -10.7 dBi, giving a gain suppression of 11.3 dB. In the direction of 
the lowest null (i.e.
123 ), the vertically polarized gain is -40.9 dBi, giving 41.5 dB 
of gain suppression in that direction.  
.  
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Fig. 5.14 Simulated total efficiency for the slotted and reference antennas 
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5.1.3. Slot Design for Other Notch Frequencies 
The slot is approximately half-a-wavelength long at the stop band frequency, and 
increasing the slot length will reduce the notch frequency. In order to establish 
whether the proposed antenna can provide good gain suppression at other frequencies, 
the relationship between the size of the slot and interference suppression has been 
studied.  
 
To change the resonant frequency, the radius, r, of the slot is changed from 4.4 mm to 
r =3.0 and 5.2 mm and compared to the antenna in the previous section. Fig. 5.16 
shows the simulated return loss for these cases. These slot sizes provide notch band 
centre frequencies of 4.46 GHz, 5.46 GHz and 8.04 GHz with return loss of -0.6 dB, -
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Fig. 5.15 Measured vertically polarized power gain for the slotted and reference 
antennas in H- (xy-) plane polarisation
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0.6 dB and -2.1 dB at the notch resonant frequencies respectively for r = 5.2, 4.4 and 
3.0 mm. The notch bands have a 3 dB return loss bandwidth of 854 MHz, 527 MHz 
and 240 MHz respectively. These values correspond to quality factors of 5.2, 10.4 and 
33.5 respectively. In each case the length of the slot is approximately half-a-
wavelength at the band-notch centre frequency. The larger the radius of the C-shaped 
slot, the lower the notch band centre frequency and larger the quality factor. 
 
 
Fig. 5.17 shows the H- (xy-) plane co-polar radiation pattern for the antenna with 
different slot radii at their resonant frequencies, 4.46 GHz, 5.41 GHz and 8.02 GHz 
respectively. The frequencies shown in Fig. 5.17 are slightly different from the notch 
band centre frequencies shown in Fig. 5.16, because the nulls are quite sensitive to 
frequency and the deepest nulls were slightly shifted away from the centred notch 
frequency, as mentioned earlier. From Fig. 5.17, it is clear that the main lobes point in 
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Fig. 5.16 Simulated return loss for the elliptical cone antenna with different radius of 
C-shaped slots, i.e. r =4.4 mm, r =5.2 mm, and r = 3.0 mm. 
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the locations of two slots while the minor lobes occur between them. The figure also 
shows how the slot size changes the depth of gain suppression. Although the nulls 
disappear when r = 5.2 mm, due to the distance between current concentrations of 
points A and B, in Fig. 7, is getting closer,  there is a significant gain suppression 
improvement, about 18 dB less gain, in the directions of the minor lobes (i.e. 
90 and 270 ). An adjustment to the shape of slot, i.e. elliptical shaped, may be 
possible for maintaining the four nulls in H plane. 
 
 
5.1.4. Antenna with Rotated C-Shaped Slots 
In addition to rotation of the antenna, the notch band null directions can also be 
moved by changing the inclination of the slots as shown in Fig. 5.18. Such an 
 
Fig. 5.17 Simulated co-polarisation radiation patterns in H- (xy-) plane for the 
elliptical cone antenna with different radius of C-shaped slots, i.e. r=5.2 mm at 
4.456 GHz; r = 4.4 mm at 5.41 GHz; and r=3.0 mm at 8.018 GHz. 
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inclination change could be implemented with switches located around the periphery 
of a continuous slot [6]. Whilst this has not been done here, simulations are used to 
demonstrate the effect. Fig. 5.18 shows the gap in the C-shaped slot inclined to an 
angle of Ω degrees. In all other respects these antennas are identical to that shown in 
Fig. 5.1(a). Six angles, 0˚, 30˚, 45˚, 60˚, 90˚ and 180˚ are simulated. Both slots are 
rotated in the same direction viewed from the front of each slot. Fig. 5.19 shows the 
simulated return loss curves for each case. The notch band centre frequencies for 
those antennas are 5.46 GHz, 5.55 GHz, 5.58 GHz, 5.58 GHz, 5.34 GHz and 4.38 
GHz, respectively. Rotating the slot from just 0˚ to 90˚ alters the notch band centre 
frequency slightly, at most 2.2% shift. However, rotation by 180˚ gives a large shift 
and about 19.8% change.  
 
Fig. 5.18 The structure of the elliptical cone antenna with 2 C-shaped slots and the 
gap shifted with an angle of Ω. 
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Fig. 5.20 shows the simulated normalized radiation patterns in the H- (xy) plane for 
those antennas. From these results it is clear that rotating the C-shaped slot from 0˚ to 
90˚, rotates the direction of the radiation pattern nulls. When Ω is rotated from -90˚ to 
90˚, the first null can be rotated from 0˚ to 87˚, as shown in Table 5.4. Thus, as there 
are four nulls in the pattern one can be placed anywhere in the range 0˚ to 360˚. 
However, when the C-shaped slot is rotated to 180˚, the pattern becomes almost 
omni-directional, as shown in Fig. 5.20. 
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Fig. 5.19 Simulated return loss curve for the structure of the elliptical cone antenna 
with rotated 2 C-shaped slots as shown in Fig. 5.18. 
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5.2. Wideband Conical Antenna with 4 C-Shaped Slots 
This section presents a wideband conical antenna with 4 C-shaped slots to achieve 
improved band-rejection behaviour with at least 28 dB of gain suppression [7]. The 
antenna also provides an omni-directional radiation pattern at frequencies within the 
operating band. 
Rotation Angle Ω -90˚ -60˚ -45˚ -30˚ 0˚ 30˚ 45˚ 60˚ 90˚ 
Null Angles Ф 87˚ 60˚ 49˚ 44˚ 34˚ 25˚ 20˚ 18˚ 0˚ 
Table 5.4 The first null with angle Ф in the vertical polarisation vs. rotation angle Ω 
 
Fig. 5.20 Simulated normalized radiation patterns in H- (xy-) plane for the elliptical 
cone antenna with 2 C-shaped slots and the C-shaped slot rotates to different angular 
positions. 
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5.2.1. Antenna Design and Structure 
Fig. 5.21 illustrates the structure of the antenna. The antenna dimensions are shown in 
Table 5.5. The close spacing (about 0.7 mm) between each C-shaped slot is 
significant as it ensures that the slots intercept as much of the current on the cone as 
possible.  As seen in Fig. 5.21(a), the connector and attached cable were represented 
by an equivalent coax of length 10 mm, in the simulation. 
 
 
(a) 
 
(b) 
Fig. 5.21 (a) Structure of elliptical cone antenna incorporating four C-shaped slots; 
(b) side view of the fabricated prototype 
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5.2.2. Simulation and Measurement Results 
5.2.2.1. Reflection Coefficient 
Fig. 5.22 shows simulated and measured return loss curves for the slotted and 
reference antenna. There is a frequency shift of 0.681 GHz between the location of the 
band notch obtained through simulation (8.024 GHz) and measurement (8.705 GHz). 
This slight discrepancy can be attributed to manufacturing tolerances. For these two 
cases the return loss at the band notch centre frequency is 0.10 and 0.31 dB, 
respectively. The notch band has a 6 dB return loss bandwidth of 1560 MHz for the 
prototype. This corresponds to a relatively low quality factor 5.58. 
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Fig. 5.22 Simulated and measured reflection coefficient for reference and slotted 
antennas (shown in Fig. 5.21) 
H 20.0 mm g 1.0 mm 
ws 0.5 mm r 3.0 mm 
d 2.0 mm hf 1.0 mm 
Wg 40.0 mm t 0.5 mm 
α 80˚ - - 
Table 5.5 Dimensions for the antennas shown in Fig. 5.21 
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5.2.2.2. Radiation Patterns 
Fig. 5.23 illustrates the simulated and measured radiation patterns for the slotted 
antenna at 7.999 GHz and 8.669 GHz in H-(xy-) plane. The discrepancies on both 
simulated and measured radiation patterns are due to manufacturing tolerances. In the 
simulated radiation pattern, the pattern has eight lobes in the 0˚, 47˚, 91˚, 135˚, 182˚, 
225˚, 271˚ and 317˚ positions. The lobes correspond to the locations of the C-shaped 
slots and also the gap between each slot. There are also eight nulls in the pattern, 
which coincide with the sides of the slots. These nulls can be used to increase the gain 
suppression by placing them in the direction of interfering signals. However, in the 
measurement, the fabricated slotted antenna only showed three nulls (shown in Fig. 
5.23), that might be due to manufacturing tolerances. Those nulls in the patterns are 
can be explained in section 5.1.2.4, which explain the well-defined patterns are 
because the current sources from the slots and the ground plane. 
 
 
Fig. 5.23 Simulated and Measured normalized radiation patterns in H-(xy-) plane for 
the elliptical cone antenna with four C-shaped slots 
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Fig. 5.24 shows measured E-(zy) and H-(xy) plane radiation patterns for the slotted 
antenna at various different frequencies (i.e. 4 GHz, 8 GHz and 10 GHz). From Fig. 
5.24, it is obvious that the elliptical cone antenna has a very stable omni-direction 
pattern even at high frequency, i.e. 10 GHz. Table 5.6 shows the values of the 
standard deviation from omni-directional, for the slotted antenna, are 0.16 dB, 0.49 
dB and 0.63 dB at 4 GHz, 8 GHz and 10 GHz, respectively. 
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                                     (a)                                                       (b) 
 
                                   (c)                                                          (d) 
 
                                      (e)                                                        (f) 
Fig. 5.24 Measured normalized radiation patterns for the elliptical cone antenna with 
4 C-shaped slots at four different frequencies: (a) E- (zy-) plane, 4 GHz; (b) H- (xy-) 
plane, 4 GHz; (c) E- (zy-) plane, 8 GHz; (d) H- (xy-) plane, 8 GHz; (e) E- (zy-) plane,
10 GHz; (f) H- (xy-) plane, 10 GHz. 
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5.2.2.3. Gain Suppression 
Fig. 5.25 plots measured peak gain, in the azimuthal (xy) plane, for the slotted and 
reference antenna. In the operating frequency band, the total efficiency for the 
reference antenna is at least -0.09 dB. The lowest total efficiency for the slotted 
antenna is -28.30 dB at 8.020 GHz, which is close to the simulated notch centre 
frequency 8.024 GHz. Such low total efficiency shows that the slotted antenna can 
provide good average gain suppression for the notch band in all directions. At the 
frequency of the band notch, the gain of the reference antenna is about 3.45 dBi. The 
average value of the peak gain is about -2 dBi to -3 dBi over most of the operating 
band (from 1 dBi to -10 dBi). Please note that such a low gain is due to the small 
ground plane used and the fact that the maximum directivity is not in the H-(xy-) 
plane, as mentioned in the previous section. At the notched band in the direction of 
the main lobe of Fig. 5.23 (-x, or  180 ), the antenna gain is reduced to -32.24 dBi. 
Compared to the peak gain of the reference antenna, the proposed antenna therefore 
has about 28.8 dB of gain suppression.  
Frequency [GHz] Standard deviation from Omni-directional (dB) 
4 0.16 
8 0.49 
10 0.63 
Table 5.6 Standard deviation in dB from omni-directional for the elliptical cone 
antenna with four C-shaped slots at 4, 8 and 10 GHz 
 - 162 -
 
 
5.2.3. Effect of Flare Angle 
5.2.3.1. Antenna Structure 
The total length of the slot, as shown in Fig. 5.21(a) is approximately half-a-
wavelength at the notch-band frequency. Increasing the slot length reduces the notch 
frequency. However, for the size shown in Fig. 5.21, the C-shaped slots will overlap if 
the slot length is increased any further. In this case increasing the slot size can be 
achieving by only increasing the antenna flare angle, which can avoid lowering the 
cut-off frequency below 3 GHz. Fig. 5.26 illustrates an elliptical cone antenna with 
four C-shaped slots, whose flare angle changes to 75˚. All other dimensions are 
shown in Table 5.7.  
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Fig. 5.25 Measured vertically polarized peak gain for the slotted and reference 
antennas 
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5.2.3.2. Reflection Coefficient 
Fig. 5.27 shows the simulated return loss curve for this antenna. The band notch is 
centred at 5.452 GHz, where the return loss is -0.40 dB. The notch band has a 6 dB 
return loss bandwidth of 1802 MHz. This corresponds to a quality factor of 3.22. The 
notch demonstrated here is illustrative of what might be used to suppress either the 
H 20.0 mm g 1.0 mm 
ws 0.5 mm r 4.5 mm 
d 2.0 mm hf 1.0 mm 
Wg 40.0 mm t 0.5 mm 
α 75˚ - - 
Table 5.7 Dimensions for the antennas shown in Fig. 5.26 
 
Fig. 5.26 The structure of elliptical cone antenna with four C-shaped slots with 
bigger flare angle (α = 75˚) 
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HIPERLAN/2 bands in Europe (5.15-5.35 GHz, 5.470-5.725 GHz) or the IEEE 
802.11a band in the U.S. (5.15-5.35 GHz, 5.735-5.825 GHz).  
 
 
5.2.3.3. Gain Suppression 
Fig. 5.28 plots simulated gain as a function of frequency for the band-notched antenna. 
At the centre of the notch band the antenna’s gain is reduced to -22.55 dB. This 
confirms that the antenna provides a high level of rejection to signal at frequencies 
within the notch band. 
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Fig. 5.27 Simulated return loss for the slotted antenna shown in Fig. 5.26 
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5.3. Wideband Conical Antenna with 4 U-Shaped Slots 
This section presents an elliptical cone antenna with four U-shaped slots [8]. One of 
the key strengths of this antenna is that it provides a high level of rejection, about 12.7 
dB, at the notch-band centre frequency in peak direction, with a high quality factor of 
34.5.  
 
5.3.1. Antenna Design and Structure 
Fig. 5.29 illustrates the structure of the antenna. The bandwidth of band-rejection is 
depending on the width of U-shaped slot (i.e. 2 mm in Fig. 5.29). Wider width will 
lead to lower quality factor. 
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Fig. 5.28 Simulated peak gain for the slotted antenna shown in Fig. 5.26 
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(a) 
 
 (b) 
 
(c) 
Fig. 5.29 (a) Structure of elliptical cone antenna incorporating four U-shaped slots; 
(b) 3D view of the slotted antenna; (c) side view of the fabricated prototype 
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5.3.2. Simulation and Measurement Results 
5.3.2.1. Reflection Coefficient 
Fig. 5.30 shows the measured return loss for the slotted and reference antennas. The 
band notch is centred at 5.18 GHz. At this frequency the measured return loss was 1.3 
dB. The total length of each U-shaped slot is approximately half-a-wavelength at the 
notch-band frequency. Increasing the slot length reduces the notch frequency. For the 
proposed antenna, the notch band has a 6 dB return loss bandwidth of 150 MHz. This 
corresponds to a relatively low quality factor 34.5, which is almost 5 times that of 
conical antenna with 2 C-shaped slots reported in section 5.1. Increasing the width of 
U-shaped slot reduces the quality factor at the notch-band frequency.  
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Fig. 5.30 Measured return loss for reference and slotted antennas (shown in Fig. 
5.29) 
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5.3.2.2. Radiation Patterns 
Fig. 5.31 illustrates the measured radiation patterns for the slotted antenna at 5.18 
GHz in H-(xy-) plane. 
 
 
Fig. 5.32 shows the measured E-(i.e. zy-) and H-(i.e. xy-) plane radiation patterns for 
the slotted antenna. These patterns were measured at 4 GHz, 8 GHz and 10 GHz. 
From Fig. 5.32, it is clear that the elliptical cone antenna has a very stable omni-
direction pattern even at high frequency, i.e. 10 GHz. Table 5.8 shows the values of 
the standard deviation from omni-directional, for the slotted antenna, are 0.23 dB, 
0.24 dB and 0.56 dB at 4 GHz, 8 GHz and 10 GHz, respectively. 
 
 
Fig. 5.31 Measured normalized H-(xy-) plane radiation patterns for the elliptical 
cone antenna with four U-shaped slots at 5.18 GHz 
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(a)                                                       (b) 
 
(c)                                                      (d) 
 
(e)                                                        (f) 
Fig. 5.32 Measured normalized radiation patterns for the elliptical cone antenna 
with four U-shaped slots at four different frequencies: (a) E- (zy-) plane, 4 GHz; 
(b) H- (xy-) plane, 4 GHz; (c) E- (zy-) plane, 8 GHz; (d) H- (xy-) plane, 8 GHz; (e) 
E- (zy-) plane, 10 GHz; (f) H- (xy-) plane, 10 GHz. 
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5.3.2.3. Gain Suppression 
At the operating frequency band, the total efficiency for the reference antenna is at 
least -0.5 dB. The lowest total efficiency for the slotted antenna is -13.9 dB at 5.31 
GHz, which is close to the simulated notch centre frequency 5.32 GHz. Such low total 
efficiency shows that the slotted antenna can provide good average gain suppression 
for the notch band in all directions. Fig. 5.33 plots measured peak gain, in the 
azimuthal (xy-) plane, for the slotted and reference antenna. At the frequency of the 
band notch, the gain of the reference antenna is about 0 dBi. Such a low gain is due to 
the small ground plane used and the fact that the maximum directivity is not in the H-
(xy-) plane, At the notched band in the direction of the main lobe of Fig. 5.31 (-x, 
or o209 ), the antenna gain is reduced by –12.73 dBi compared to the peak gain of 
the reference antenna. 
Frequency [GHz] Standard deviation from Omni-directional (dB) 
4 0.23 
8 0.24 
10 0.56 
Table 5.8 Standard deviation in dB from omni-directional for the elliptical cone 
antenna with four U-shaped slots at 4, 8 and 10 GHz 
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5.4. Wideband Conical Antenna with 4 Tilted-U-Shaped and 4 
U-C-Shaped Slots 
In this section, two conical monopole antennas incorporating two different types of 
slots (i.e. 4 tilted-U-shaped and 4 U-C-shaped slots) are introduced to achieve 
improved band-rejection behaviour. Compared to previous work reported in the 
literature [1, 6, 7, and 8], the slotted antenna provides significantly improved peak 
gain suppression of up to 25 dB in the vertical polarisation. 4 tilted-U-shaped slot 
provides a relatively narrow rejection band (i.e. high Q) whilst the 4 U-C-shaped slot 
gives a relatively wide rejection band (i.e. low Q). The Band-notch frequency can be 
simply changed by modifying the slot length. They also yield omni-directional 
patterns at frequencies throughout the operating band. 
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Fig. 5.33 Measured normalized radiation patterns in H- (xy-) plane for the 
elliptical cone antenna with four U-shaped slots
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5.4.1. Antenna Design and Structure 
Fig. 5.34 illustrates the schematic diagram of the both antennas, i.e. elliptical cone 
antenna incorporating four tilted-shaped slots as shown in Figs. 5.34(a) and 3.34(b), 
elliptical cone antenna incorporating four U-C-shaped slots as shown in Figs. 5.34(c) 
and 3.34(d). Fig. 5.35 shows the side view of both prototypes. All of the prototype 
parameters for two types of slots are listed in Table 5.9 and Table 5.10, respectively. 
The reason of tilted-U-shaped slot is because it can enhance the coupling factor (the 
coupling between the resonators and antenna) compared with a standard vertical-U-
shaped slot [8], and thus improving the band-rejection and maintain high-Q 
performance. The U-C-shaped slot can optimize the coupling to achieve high band-
rejection while still easy to redesign for operation at a different frequency by just 
changing the upper length of the slot, compared to standard C-shaped slot [1, 6 and 7]. 
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H 20.0 mm g 2.0 mm 
ws 0.5 mm β 45˚ 
d 2.0 mm hf 1.0 mm 
Wg 40.0 mm t 0.5 mm 
α 80˚ l1 4.0 mm 
l2 7.0 mm l3 2.2 mm 
Table 5.9 Dimensions for the antennas shown in Fig. 5.34 (a) 
 
 
                         (a)                                                                    (b) 
 
                                             (c)                                                              (d) 
Fig. 5.34 (a) Structure of elliptical cone antenna incorporating four tilted-shaped 
slots; (b) 3D view of the slotted antenna; (c) Structure of elliptical cone antenna 
incorporating four U-C-shaped slots; (d) 3D view of the slotted antenna. 
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H 20.0 mm g 1.0 mm 
ws 0.5 mm r 3.0 mm 
d 2.0 mm hf 1.0 mm 
Wg 40.0 mm t 0.5 mm 
α 80˚ l 2.0 mm 
Table 5.10 Dimensions for the antennas shown in Fig. 5.34 (c) 
  
(a) 
    
(b) 
Fig. 5.35 Side view of the completed fabricated prototype, (a) antenna with 4 tilted-
U-shaped slots; (b) antenna with 4 U-C-shaped slots. 
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5.4.2. Simulation and Measurement Results 
5.4.2.1. Reflection Coefficient 
Three antennas were fabricated namely a reference antenna, an antenna with 4 tilted-
U-shaped slots and an antenna with 4 U-C-shaped slots. Fig. 5.36 shows the measured 
reflection coefficient. The locations of the band notch obtained through measurement 
are 5.345 GHz and 7.405 GHz for the 4 tilted-U-shaped slots antenna and 4 U-C-
shaped slots antenna, respectively. For these two cases the return loss at the band 
notch centre frequency is -0.87 dB and -0.46 dB, respectively. The slot is 
approximately half-a-wavelength long at this frequency, and increasing the slot length 
reduces the notch frequency, as expected. For the 4 tilted-U-shaped slots, the notch 
band has a 3 dB return loss bandwidth of 140 MHz. This corresponds to a quality 
factor of 38.18. By changing the dimension ‘g’ is possible to change the loaded Q 
factor. For the 4 U-C-shaped slots, the notch band has a 3 dB return loss bandwidth of 
635 MHz. This corresponds to a quality factor of 11.66. The results show that the 
loaded Q of antenna with 4 U-C-shaped slots is reduced by 69.46%, compared to that 
with 4 tilted-U-shaped slots. However, the band-rejection is improved by 47.13%. 
There is a trade-off to be made between quality factor and band-rejection performance, 
which will be discussed in next section. The notch demonstrated here is illustrative of 
what might be used to suppress either the Hiperlan/2 bands in Europe (5.15-5.35 GHz, 
5.470-5.725 GHz) or the IEEE 802.11a band in the U.S. (5.15-5.35 GHz, 5.735-5.825 
GHz). 
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5.4.2.2. Radiation Patterns 
Fig. 5.37 (a) shows the measured radiation patterns for the slotted antennas at 5.345 
GHz and 7.405 GHz in the H-(xy) plane, for elliptical cone antenna with 4 tilted-U-
shaped slots and that with 4 U-C-shaped slots, respectively. The co-polarisation in the 
H-plane was measured when both the slot antenna and the reference antenna (i.e. 
Vivaldi) were placed vertically. The cross-polarisation in the H-plane was measured 
when the slot antenna was placed vertically while the reference antenna (i.e. Vivaldi) 
was placed horizontally. The measured co-polarisation patterns are almost omni-
directional. Measurements show that the pattern maximum is directed at an angle of 
299˚ and 109˚, for the elliptical cone antenna with 4 tilted-U-shaped slots and that 
with 4 U-C-shaped slots respectively, as shown in Fig. 5.37(a). The measured H-(xy) 
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Fig. 5.36 Measured reflection coefficient for slotted and reference antennas (shown in 
Fig. 5.35) 
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planes for both slots antenna at 10 GHz are presented in Fig. 5.37(b). It is clear that 
both proposed antennas have a very stable omni-direction pattern even at high 
frequencies. Table 5.11 shows the values of the standard deviation from omni-
directional at 10 GHz, are 1.04 dB for the antenna with four tilted U-shaped slots and 
0.87 dB for the antenna with four U-C-shaped slots, respectively. The large cross-
polarisation, shown in Fig. 5.37, is due to relatively small square ground plane and 
can be reduced by adopting a larger square ground or a circular ground, as mentioned 
in section 5.1.2.2. 
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(a) 
 
                                                                    (b) 
Fig. 5.37 Measured normalized radiation patterns in H- (xy-) plane for the elliptical 
cone antenna with four tilted-U-shaped slots and four U-C-shaped slots at (a) band 
notch frequency, 5.345 GHz and 7.405 GHz, respectively; (b) 10 GHz 
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5.4.2.3. Gain Suppression 
At the operating frequency bands, for the tilted U-shaped and U-C-shaped slots, the 
total efficiencies for the reference antenna are at least -0.5 dB and -0.2 dB, 
respectively. The lowest total efficiencies for the slotted antennas are 15.62 dB at 
5.313 GHz and -25.01 dB at 6.967 GHz, which is close to the simulated notch centre 
frequencies 5.32 GHz and 7 GHz, respectively. Such low total efficiency shows that 
the slotted antenna can provide good average gain suppression for the notch band in 
all directions. Fig. 5.38 shows the measured peak gain in dBi, in the azimuthal (xy) 
plane, for both slotted antennas and the reference antenna shown in Fig. 5.35. At the 
frequencies of the band notch of both slotted antennas (i.e. 4 tilted-U-shaped slots and 
4 U-C-shaped slots), the gain of the reference antenna is about -0.64 dBi and -2.5 dBi, 
respectively. Such a low gain is due to the small ground plane used and the fact that 
the maximum directivity is not in the H-(xy-) plane. In the peak direction of H-(xy) 
plane shown in Fig. 5.37 ( 229 and 109  ), the gains are reduced to -19.06 dBi 
and -27.5 dBi, giving a gain suppression of 19.7 dB and 25 dB, for both slotted 
antennas (i.e. 4 tilted-U-shaped slots and 4 U-C-shaped slots), respectively. This has 
been improved by 9.4% and 38.9% compared to the best antenna reported in the 
literature, which provided a peak gain suppression of 18 dB [9]. 
Slot Type Frequency [GHz] Standard deviation from Omni-directional (dB) 
Tilted U-Shaped 10 1.04 
U-C-Shaped 10 0.87 
Table 5.11 Standard deviation in dB from omni-directional for the elliptical cone 
antennas, with four tilted U-shaped and four U-C-shaped slots, at 10 GHz, 
respectively 
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5.4.2.4. Variation of the Slot Length 
Fig. 5.39 illustrates the reflection coefficient for the tilted-U-shaped slotted antenna 
with five different lengths of the upper section of the slot, where are l3 = 1.2 mm, 2.2 
mm, 3.2 mm, 4.2 mm, and 5.2 mm, respectively. In all other respects these antennas 
are identical to that shown in Fig. 5.35(a). The notch band centre frequencies for those 
antennas are 5.696 GHz, 5.32 GHz, 5 GHz, 4.696 GHz, and 4.408 GHz, with return 
loss of 0.578 dB, 0.821 dB, 1.053 dB, 1.331 dB, and 1.562 dB, respectively. The 
notch bands have a 3 dB return loss bandwidth of 226 MHz, 210 MHz, 196 MHz, 187 
MHz, and 176 MHz. Those correspond to quality factors of 25.24, 25.39, 25.56, 25.18, 
and 25.00 respectively. It is clear that when the length of slot increases, the band-
rejection is getting worse. The loaded Q is very slightly increased when l3 is changed 
from 1.2 mm to 3.2 mm but slightly decreasing when l3 = 4.2 mm and 5.2 mm. 
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Fig. 5.38 Measured vertically polarized gain for the slotted and reference antennas
shown in Fig. 5.35 
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For the size shown in Fig. 5.35(c), the C-shaped slots will overlap one another if the 
radius r (as shown in Table 5.10) is increased any further. In that case, the best way to 
reduce the notch band centre frequency is by increasing the length of U-shaped slot 
(i.e. ‘l’). Fig. 5.40 illustrates the reflection coefficient for the slotted antennas with 
five different lengths of the upper section of the slot (i.e. U-shaped), which are l = 2 
mm, 3 mm, 4 mm, 5 mm, and 6 mm, respectively. In all other respects these antennas 
are identical to that shown in Fig. 5.35(c). The notch band centre frequencies for those 
antennas are 7.000 GHz, 6.376 GHz, 5.832 GHz, 5.416 GHz, and 5.056 GHz, with 
return loss of 0.173 dB, 0.340 dB, 0.487 dB, 0.585 dB, and 0.945 dB, respectively. 
The notch bands have a 3 dB return loss bandwidth of 629 MHz, 500 MHz, 381 MHz, 
308 MHz, and 260 MHz. Those correspond to quality factors of 11.14, 12.91, 15.35, 
Fig. 5.39 Simulated reflection coefficient for antenna with 4 tilted-U-shaped slots 
with five different lengths of upper part slots, i.e. l3 = 1.2, 2.2, 3.2, 4.2, and 5.2 mm 
(denoted as ‘l3’ in Table 5.10) 
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17.65, and 19.50 respectively. It is clear that when the length of slot increases, the 
quality factor also significantly increases but the band-rejection is getting worse. 
 
 
 
5.5. Equivalent Circuit Model for Wideband Antenna with 
Frequency Notch-Band 
An equivalent circuit model has been created for the wideband conical monopole 
antenna with frequency notch-band. The study in this section has shown that the band-
rejection can be improved by enhancing the coupling factor or by increasing the 
number of resonators. The analysis of relationship between quality (Q) factor and the 
coupling factor is also presented. The circuit simulations were performed using 
Advanced Design Studio (ADS). 
Fig. 5.40 Simulated reflection coefficient for antenna with 4 U-C-shaped slots with 
five different lengths of upper part slots, i.e. l = 2, 3, 4, 5, and 6 mm (denoted as ‘l’ in 
Table 5.10) 
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5.5.1. Equivalent Circuit 
Previous literature [10] proposed an equivalent circuit model to explain the resonant 
behaviour of a band-notched monopole UWB antenna, which was a fork-shaped 
antenna incoporating a open-looped resonator. However, the equivalent circuit model 
shown in ref. [10] only provided some simple parameter studies, which did not give 
sufficient information to explain the relationship between the antenna and the 
resonator. This is the first time in which an equivalent circuit model has been used to 
demonstrate how the band-rejection can be improved and also the relationship 
between the quality (Q) factor and the coupling factor in the notched band frequency. 
 
A simple equivalent circuit model for the UWB antenna incorporating n slot 
resonators, coupled to a source impedance Zo, is shown in Fig. 5.41(a). It can be seen 
that the combination of the LC series circuit and LCR parallel circuit is used to 
represent the UWB antenna [11] and LCR parallel circuits are used to represent the 
slot resonators [10]. If the antenna incorporates n similar slots then the n resonators 
should be connected in parallel. In Fig. 5.41(a), there is a transformer, denoted as ‘T’, 
connected between the antenna model and the resonators. The resonators are 
connected to the antenna through the magnetic coupling of the transformer, but there 
is no electrical connection between these two circuits. Because the ideal transformer, 
‘T’, is lossless, all of the power delivered to the ideal transformer by the antenna 
circuit model is in turn delivered to the resonators circuit model by the ideal 
transformer. The transformer ‘T’ also represents how the resonators are coupled to the 
antenna. A generalized concept of the transformer has been given in ref. [12]. At the 
resonant frequency, the reactance should be zero. As shown in Fig. 5.41(a), the 
transformer can be represented, in terms of resistance, by the equation 
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aoA rZnr 2                                                                                                  (5.2) 
in which, rA is the resistive part of the number of parallel resonators. n is the turns 
ratio of the transformer. ra is the resistive part of the antenna circuit model, which can 
be taken as the real part of )11(1
1
2
2 R
Cjw
Ljw oo
 . 
 
 
 
 
(a) 
                         
(b) 
Fig. 5.41 (a) a completed equivalent circuit model for UWB antenna incorporating 
with number of resonators; (b) Equivalent circuit model for a number of parellel 
resonators coupled to rA. 
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5.5.2. Number of Resonators 
Fig. 5.42 illustrates the reflection coefficient for the equivalent circuit model (as 
shown in Fig. 5.41) incorporating 1, 2 and 4 resonators, respectively. From Fig. 5.42, 
it is clear that when the number of resonators increases, the band-rejection improves. 
However the bandwidth of the band-rejection will also be increased accordingly, as 
shown in Fig. 5.42. 
 
 
 
5.5.3. Quality Factors and Coupling Factor 
From Fig. 5.41, if the antenna incorporating n resonators is treated as one resonator 
(antenna) unit or load, then there will be an unloaded Q (denoted as ‘Qo’) of the 
resonator. The conventional loaded Q (denoted as ‘QL’) of the frequency notch band 
is defined by the expression of [13] 
Fig. 5.42 Reflection coefficients for equivalent model (shown in Fig. 5.41) 
incorporating with 1, 2 and 4 resonators, respectively 
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                                                                                                       (5.3) 
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1
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                                                                                                      (5.4) 
 
From equation (5.4), it can be seen that the loaded Q (QL) of the frequency notch band 
is depended on the unloaded Q (Qo) of the resonators and the coupling factor , which 
can be defined as Arr or eo QQ [13], where Qe is external Q factor and 
)( LWrQ oo  and r is the resistance of the resonators. The increase in the coupling 
factor (  ) implies that the coupling gets stronger. There will be a progressive 
improvement in the reflection coefficient at the notch centre if  increases. However, 
when  increases, the quality factor (loaded Q) of rejection band gets lower.  
 
5.5.3.1. Relationship between the Coupling Factor and the Transformer 
By considering equation 5.2 and  = Arr , as mentioned earlier, the relationship 
between the coupling factor  and the transformer ‘T’ with n turns ratio can be 
expressed as 
 ao rZ
rn                                                                                                        (5.5) 
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5.5.3.2. Determination of the Quality Factor and Coupling Factor from 
Measurement Results 
For either elliptical cone antennas incorporating 4 tilted-U-shaped slots or 4 U-C-
shaped slots in section 5.4, the loaded Q (QL) of the frequency notch band can be 
calculated at the -3 dB points of input reflection coefficient, as shown in Fig. 5.36. 
The unloaded Q (Qo) can be calculated from equation 5.4, in which coupling factor   
can be found from the return loss Lo of resonant frequency by, [14] 




1
1log20)(dBLo                                                                                         (5.6) 
 
The unloaded Q (Qo) of the whole antenna, in principle, is independent of either QL or 
  [14]. However, two situations, the over-coupled (  >1) and under-coupled (  <1) 
cases, need to be considered. There can be distinguished by inspecting the response 
circle in the Smith Chart from the simulation results. A large response circle enclosing 
the origin of the Smith Chart signifies an over-coupled case; for the under-coupling 
case, the response circle is small and excludes the origin [14]. Table 5.12 shows the 
values of QL, Qo,  and return loss for both slotted antennas in simulation. The return 
loss performance of the antennas was simulated using the transient solver in CST 
Microwave Studio®. From Table 5.12, it can be seen that there is strong coupling for 
the 4-U-C-shaped, and it thus gives a better band-rejection but lower QL. Although the 
coupling,  , between the antenna and the resonators cannot be found easily, it can be 
determined by the location of the resonators. The parameters in Table 5.12 were 
considered when the slots were located at d = 2 mm (Tables 5.9 and 5.10) where d is 
the distance between the slot and the bottom of the cone. Different values of ‘d’ will 
introduce different coupling , and thus give different QL.  
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5.5.3.3. Coupling Factor Effect Reflection Coefficient and Quality Factors 
Fig. 5.43 illustrates the reflection coefficient and coupling factor  for the antenna 
incorporating 4 U-C-shaped slots with different values of ‘d’, from 2 mm to 11 mm. 
Fig. 5.44 shows the unloaded Q (Qo) and loaded Q (QL) of the antenna incorporating 4 
U-C-shaped slots with different values of ‘d’ (i.e. from 2 mm to 11 mm). From Fig. 
5.43, it can be seen that when ‘d’ increases, the reflection coefficient and coupling 
factor  decreased significantly, which are expected. As   decreased, the increase of 
loaded Q is expected, as shown in Fig. 5.44. Fig. 5.44 shows that the unloaded Q (Qo) 
of the whole antenna is very high, and it implies that the resonator dominates rather 
than the antenna, and it has a low Q factor. From Figs. 5.43 and 5.44, it is clear that 
there is a trade-off to be made between the performance of band-rejection and the 
loaded Q of the band-notch.  
 
Antenna with resonator Frequency (GHz) QL Qo 
  Return loss (dB) at the 
slot resonance
With 4 tilted-U-shaped 5.32 25.406 563.364 21.175 0.821 
With 4 U-C-shaped 7 11.138 1128.200 100.297 0.173 
Table 5.12 Q factors and coupling factors for the two antennas shown in Fig. 5.34 
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5.5.4. Simulation Results 
It is difficult to obtain accurate values of each component within the schematic 
equivalent circuit model. To tackle this problem, this section presents a methodology 
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Fig. 5.43 Reflection coefficient and coupling coefficient for the antenna with 4 U-C-
shaped slots with different ‘d’, which is the vertical distance from the bottom of the 
slot to the bottom of the conical antenna, as shown in Fig. 5.34(c). 
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Fig. 5.44 Unloaded Q and Loaded Q for the antenna with 4 U-C-shaped slots with 
different ‘d’, which is the vertical distance from the bottom of the slot to the bottom 
of the conical antenna, as shown in Fig. 5.34(c). 
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to obtain the values and exam the performance of the equivalent circuit model. In 
order to determine the values of each component in the circuit model of Fig. 5.41 
incorporating different number of resonators (or slots), several parameters need to be 
considered using the following sequence: 
1) optimize the value of each antenna element (i.e. C1, L1, C2, L2 and R1) to have 
the similar wideband performance; 
2) determine the coupling condition (under- or over-coupled) 
3) calculate the coupling parameter  ; 
4) calculate the resistance of the antenna model, i.e. ra; 
5) determine the resistance of the resonators, i.e. r; 
6) calculate n, the turns ratio of ideal transformer ‘T’, from Equation (5.5); 
7) optimize the value of each resonator element (i.e. Cr, Lr and Rr) to have the 
similar band-rejection performance. 
 
5.5.4.1. Determination of the Resistance of the Resonators from 
Measurement 
The resistance (r1) of the single resonator in two cases, namely the tilted-U-shaped 
slot and U-C-shaped slot, can be found by simulating the antenna incorporating one 
tilted-U-shaped slot and U-C-shaped slot, respectively. In order to determine the Z 
parameters of the slot, a discrete port was placed in the bottom of the slot as shown in 
Fig. 5.45. Table 5.13 shows the Z parameters for the resonant frequency for each case. 
Thus, the resistance of four resonators (r) can be calculated by r1/4. 
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5.5.4.2. Comparison between Equivalent Circuit Model and Prototype  
The values of each component within the circuit model were adjusted within the 
Advanced Design System (ADS) environment, in order to optimize the impedance 
behaviour and shown in Table 5.14, for the two slotted antenna models, respectively. 
Fig. 5.46 illustrates the return loss for the simulated slotted antennas and the result 
obtained using the new equivalent circuit shown in Fig. 3.41(a). There is good 
agreement between them. 
 
Resonator Frequency (GHz) Real (ohm) Imaginary (ohm) 
4_tilted_U_shaped 5.2441 3158.7 0 
4_U_C_shaped 6.9942 1949.1 0 
  Table 5.13 Complex Z parameters for the two slots shown in Fig. 5.45 
 
                                (a)                                                                (b) 
Fig. 5.45 Structure of the antenna with (a) one tilted-U-shaped slot and (b) one U-C-
shaped slot.   
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5.6. Comparison of Different Types of Slots  
Table 5.15 shows the total efficiency and gain suppression for each type of slots, i.e. 2 
C-shaped slots (section 5.1), 4 C-shaped slots (section 5.2), 4 U-shaped slots (section 
5.3), 4 tilted U-shaped slots and 4 U-C-shaped slots (section 5.4). The antenna with 2 
C-shaped slots provides 40.9 dB of gain suppression in null direction. However, it 
only provided 10.7 dB of gain suppression in the peak direction. When incorporating 
4 slots, the peak gain suppression was improved, for example, the antenna with 4 C-
Antenna C1 (pF) L1 (nH) C2 (pF) L2 (nH) R1 (ohm) 
 2.6280 0.9490 0.2459 4.8076 94.9500 
 
Resonator Cr (pF) Lr (nH) Rr (ohm) n 
4_tilted_U_shaped 5.1100 0.1750 1019.6600 0.5131 
4_U_C_shaped 15.3985 0.0336 804.9000 0.2002 
 Table 5.14 Parameters in the equivalent circuit model (see Fig. 5.41) representing the 
two slot antennas shown in Fig. 5.34, respectively 
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Fig. 5.46 Reflection Coefficient for both elliptical cone antenna with 4 tilted-U-
shaped slots and 4 U-C-shaped slots (see in Fig. 5.34, section 5.4), in CST and 
equivalent circuit (see Fig. 5.41) simulations, respectively. 
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shaped slots can provide at least 28.8 dB of gain suppression. However, it lost the 
deep gain suppression in the null direction. The antenna with 4 U-shaped slots can 
prove high Q band-rejection, i.e. 34.5. However, it only provided 12.7 dB of peak 
gain suppression. When the peak gain suppression was improved, the bandwidth of 
the slotted antenna at the notched band was wider.  For example, the antenna with 4 
tilted U-shaped slots provided 19.7 dB of peak gain suppression, the notch band Q 
factor was reduced to 16.46 compared to the antenna with 4 U-shaped slots.  
 
 
It can be concluded that there is a trade-off between the gain suppression and the 
quality factor of the band-notch. Increasing the number of resonators will of course 
increase the band-rejection. However, it will also widen the bandwidth of the 
frequency notched band. 
 
5.7. Manufacture and Stopband Frequency Control 
The antenna was machined from solid, by first machining the outer shape from a 
stock copper rod, then drilling the centre hole using a CNC lathe. A small ball nose 
milling cutter on a CNC miller was then used to machine the internal shape of the 
Resonator 
Measured 
Notch 
Frequency 
(GHz) 
Reflection 
Coefficient 
[dB] 
Notch 
Band Q 
Factor +
Simulated 
Lowest 
Total 
Efficiency 
(dB) 
Measured Peak 
Gain Suppression
(dBi) 
10.7 2 C-shaped 5.42 -0.63 6.70 -12.6 40.9* 
4 C-shaped 8.71 -0.10 5.58 -28.3 28.8 
4 U-shaped 5.18 -1.30 34.50 -13.9 12.7 
4 tilted U_shaped 5.35 -0.87 16.46 -15.6 19.7 
4 U_C_shaped 7.41 -0.46 6.83 -25.0 25.0 
  Table 5.15 Total efficiency and gain suppression for each type of slots.  
  +at 6 dB return loss bandwidth;* null direction 
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cone. The slots were machined individually using 0.5mm cutter with the blank cone 
mounted in a special fixture. Low cost production would depend on the intended 
frequency range and hence size. For smaller size the antennas could be die casting. 
Larger size could be produced by rapid prototyping. Alternately if the cone shape is 
altered at the expense of bandwidth several possibilities exist. A straight cone with 
circular cross section can be made by wrapping thin flexible PCB. A straight cone 
with square cross section can be made from four triangular printed circuit boards, as 
demonstrated in Chapter 6. The Chapter 6 proposes a novel pyramidal shaped 
monopole with four loop shaped slots and by loading each slot with a varactor diode, 
it is possible to tune the notch band centre frequency from 4.8 GHz to 7.472 GHz. 
 
5.8. Summary 
Section 5.1 introduced an elliptical cone antenna incorporating two C-shaped slots. 
Experimental results suggest that the antenna provides improved gain suppression 
(about 41.5 dB) in four specific directions and 11.3 dB of peak gain suppression in the 
vertical polarisation compared with planar antenna designs presented earlier in the 
literature. Analysis of simplified equivalent current sources associated with the slot 
and ground plane edge currents confirms that it is indeed radiation from those sources 
that give rise to these well defined patterns. The location of the band notch centre 
frequency can also be controlled by simply modifying the length of the C-shaped slot, 
as expected. The gain suppression in the null directions is affected by the distance 
between the C-shaped slots. If the direction of interferer changes, the antenna could 
be rotated using an electric motor. Alternatively one could effectively rotate the C-
shaped slots by using a number of pin diode switches. The experimental results show 
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that the elliptical cone antenna with two C-shaped slots provides a high degree of gain 
reduction in the specified direction.  
 
Section 5.2 proposed an elliptical cone antenna with four C-shaped slots. 
Experimental results show omni-directional radiation patterns with significantly 
improved gain suppression, at least 28.8 dB, compared with conventional band 
notched antenna designs. The antenna is also capable of pointing a pattern null 
towards any spatial directions within H-plane. The location of the band notch 
frequency can also be controlled by simply modifying the length of the C-shaped slot. 
This can be achieved by scaling antenna.  
 
Section 5.3 proposed an elliptical cone antenna with four U-shaped slots. 
Experimental results show omni-directional radiation patterns are obtained along with 
good gain suppression, of at least 12.73 dB, in all directions around the H-plane, 
compared with conventional band notched antenna designs. The band notch frequency 
can be controlled by simply modifying the length of U-shaped slot. The proposed 
antenna also provided high Q notch-band performance. The quality factor can be 
adjusted by simply changing the width of the U-shaped slot.  
 
Section 5.4 proposed two elliptical cone antennas incorporating two new types of 
slots, four tilted-U-shaped and four U-C-shaped slots. Experimental results suggest 
that both slotted antennas provide significantly improved gain suppression, such as 
19.7 and 25 dB, in the vertical polarisation with high Q and low Q factor respectively. 
The central notched frequency may also be controlled simply by modifying the length 
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of the slot. Both antennas can provide stable omni-directional patterns at frequencies 
throughout the operating band, even at high frequency (i.e. 10 GHz).  
 
The significant characteristics study of wideband antenna with notched-band 
behaviour using a simple equivalent circuit model has been introduced in section 5.5. 
There is a good agreement between the CST simulation and equivalent circuit 
simulation. Numerical results show that there is trade-off between the gain 
suppression and the quality factor of the band-notch. Increase the number of 
resonators and the coupling factor will of course increase the band-rejection. However, 
it will also widen the bandwidth of the frequency notched band. 
 
Section 5.6 compared the conical monopole incorporating different type of slots with 
notch band Q factor, total efficiency and gain suppression. 
 
Section 5.7 introduced the low cost production for this type of antenna and the way to 
control the stopband frequency. 
 
The proposed antennas in this Chapter are promising candidates for use in wideband 
applications and if scaled down in frequency, for rural area networks (Cognitive 
Radio based) which will require omni-directional spectrum search antennas [15].  
 
 - 197 -
References: 
[1] Z. H. Hu, P. S. Hall, J. R. Kelly and P. Gardner, “Novel Wideband Conical 
Monopole Antenna with Frequency Band Notched Behaviour”, Electronics 
Letters, vol. 46, Issue 23, 2010, pp. 1542-1543. 
[2] H. Kawakami and G. Sato, “Broad-band characteristics of rotationally 
symmetric antennas and thin wire constructs,” IEEE Trans. on Antennas and 
Propag., vol. 35, no. 1, Jan. 1987, 26-32. 
[3] J. Jamali, N. Tayarzade, and R. Moini, “Analyzing of conical antenna as an 
ultra-wideband antenna using finite difference time domain method,” 
Electromagnetics in Advanced Applications, 2007. ICEAA 2007. International 
Conference on 2007, pp. 994-997. 
[4] S. Adachi, R. Kouyoumjian, and R. Van Sickle, “The finite conical antenna,” 
Antennas and Propagation, IRE Transactions on vol. 7, 1959, pp. 406-411. 
[5] C. A. Balanis, Antenna Theory, 3rd edition, Analysis and Design, John Wiley 
& Sons, Inc, 2005, pp. 349-362. 
[6] Z. H. Hu, J. R. Kelly, P. Gardner, and P. S. Hall, “Pattern Reconfigurable 
Wideband Conical Monopole Antenna with frequency notch-band”, Second 
UK URSI Festival of Radio Science 2011, University of Leicester, 12th Jan. 
2011. 
[7] Z. H. Hu, P. S. Hall, J. R. Kelly and P. Gardner, “Improved band-notched 
wideband conical monopole antenna”, Accepted by Microwave and Optical 
Technology Letters. 
[8] Z. H. Hu, P. S. Hall, J. R. Kelly and P. Gardner, “Wideband omni conical 
monopole antenna with high Q band-notched behaviour,” Accepted by IWAT 
2011. 
 - 198 -
[9] W-J. Lui, C-H. Cheng, and H-B. Zhu, “Improved frequency notched 
ultrawideband slot antenna using square ring resonator,” IEEE Antennas and 
Propag., vol. 55, issue 9, 2007, pp. 2445-2450. 
[10] S.- J. Wu, C. – H. Kang, K. – H. Chen, and J. – H. Tarng, “Study of an 
ultrawideband monopole antenna with a band-notched open-looped resonator”, 
IEEE Transactions on Antennas and Propagation,Vol. 58, No. 6, June 2010, 
pp. 1890-1897 
[11] Y. Guo, Y. Zhang, A. Rasmita, and M. – S. Leong, “Equivalent circuit 
modelling of UWB antennas for system co-design”, Antennas and 
Propagation Society International Symposium (APSURSI), 2010 IEEE, 11-17 
July, 2010, pp. 1- 4 
[12] R. C. Dorf and J. A. Svoboda, Introduction to Electric Circuits, 4th edition, 
John Wiley & Sons inc., 1999, pp. 551-555 
[13] David M. Pozar, Microwave Engineering, John Wiley & Sons, Inc. 2nd edition, 
1998, pp. 300-350. 
[14] R. S. Kwok, and Ji-Fuh Liang, “Characterization of high-Q resonators for 
Microwave-filter applications”, IEEE Transactions on Microwave Theory and 
Techniques, vol. 47, No. 1, 1january, 1999, pp. 111-114. 
[15] IEEE 802.22 Wireless Regional Area Networks - Enabling rural broadband 
wireless access using cognitive radio technology, IEEE 802.22-10/0073r03, 
2010-06-15. 
 
 
 
 
 
 - 199 -
CHAPTER VI 
WIDEBAND PYRAMIDAL MONOPOLE ANTENNA WITH 
WIDE TUNABLE FREQUENCY BAND-NOTCH  
This chapter presents a square section pyramidal wideband monopole antenna 
incorporating four loop shaped slots [1-2]. Each slot is loaded with varactor diodes to 
provide a tunable notch-band. Simulation shows it is possible to tune the notch band 
centre frequency from 4.8 GHz to 7.472 GHz. Three prototypes, two incorporating 
both capacitors and varactors, and one reference antenna without slots, were 
fabricated and measured. Compared to previous work reported in the literature, the 
antenna provides good gain suppression in all horizontal directions in the vertical 
polarisation. It also yields stable omni-directional radiation patterns at frequencies 
throughout the operating band. To the best of my knowledge, this is the first time that 
a non-planar wideband antenna incorporating a tunable notch-band has been reported 
in the open literature. 
 
All of the simulations presented in this chapter were performed using the transient 
solver in CST Microwave Studio®. Full equivalent circuits from the vendors’ library 
in Microwave Office were used for the components, although these were not available 
for varactor diodes. 
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6.1. Simulated Pyramidal Monopole Antenna with Wide 
Tunable Frequency Band-Notch  
6.1.1. Antenna Design and Structure 
Fig. 6.1 illustrates the structure of the antenna. The band-notch is created by a loop 
shaped slot. A single slot is etched into each side of the pyramid. The pyramidal 
antenna was mounted above the centre of a flat 80×80 mm2 copper ground plane, as 
shown in Fig. 6.1. This type of conical shaped antenna is inherently a wide band 
radiating element having an omni-directional radiation pattern [3]. For this reason it is 
well-suited for use in UWB systems [4-5]. By adjusting the height, flare angle as well 
as the distance between the base of the cone and the ground plane, it was possible to 
optimize the antenna’s radiation pattern and input impedance [4]. The square section 
pyramidal monopole antenna was constructed by joining together four pieces of 
microwave substrate material, Taconic TLY-3-0450-C5. This material has a 
permittivity of 2.33, loss tangent of 0.0009, a thickness of 1.143 mm, and metal 
thickness of 0.01778 mm. The substrate was metalized on one side only. Each slot is 
loaded with a lumped capacitor or varactor diode. The resonant frequency of the 
embedded slot changes when the value of the capacitance changes. The quality (Q) 
factor associated with the notched band depends on the width of the upper part of the 
loop, which is denoted as ‘wu’ in Fig. 6.1(b). Increasing the width of the slot reduces 
the Q factor. The vertical distance between the base of the slot and the bottom of the 
cone (1.62 mm) should be chosen to ensure that the maximum amount of current on 
the surface of the cone is intercepted by the slot. The antenna’s dimensions are given 
in Table 6.1. 
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6.1.2. Simulation Results – Reflection Coefficient 
Ideal components, without parasitics, were used in the simulation study. Fig. 6.2 
shows the simulated reflection coefficient for the slotted antenna. The various curves 
(a) 
(b) 
Fig. 6.1 (a) Structure of pyramidal antenna with four shaped loop slots; (b) 
dimensions of the slotted antenna 
 
H 20.0 mm g 1.0 mm 
ws 0.5 mm hf 0.5 mm 
d 1.71 mm wu 5.4 mm 
Wg 80.0 mm wb 1.0 mm 
lu 5.0 mm lm 2.88 mm
lb 6.0 mm α 40˚ 
β 50˚ - - 
Table 6.1 Antenna Dimensions 
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were obtained by altering the value of the capacitor within each slot from 0.1 pF to 10 
pF.  This causes the notch band centre frequency to vary from 4.8 GHz to 7.472.  The 
instantaneous bandwidth of the notch-band is given in Table 6.2 for various different 
notch frequencies. Table 6.2 shows that the minimum bandwidth (96 MHz) occurs at 
7.472 GHz. This corresponds to a Q factor of 77.83. The maximum bandwidth is 264 
MHz. This occurs at 5.264 GHz and 4.888 GHz and corresponds to Q factors of 19.94 
and 18.52, respectively.  
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C=0.1 pF
C=0.2 pF
C=0.3 pF
C=0.4 pF
C=0.5 pF
C=0.6 pF
C=0.7 pF
C=0.8 pF
C=0.9 pF
C=1 pF
C=2 pF
C=4 pF
C=6 pF
C=8 pF
C=10 pF
 
Fig. 6.2 Simulated reflection coefficient for slotted antennas with variable C (from 
0.1 pF to 10 pF) 
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6.2. Prototype Incorporating Fixed Capacitors 
Four prototypes incorporating fixed capacitors, i.e. 0.2 pF, 0.5 pF, 1 pF, 10 pF, have 
been fabricated, as shown in Fig. 6.3. A fifth square section pyramidal monopole, 
without slots, was also fabricated as a reference antenna.  
 
 
Capacitor 
(pF) Freq.  (GHz) 
Refl. Coeff. 
(dB) 
Band-rejection 
bandwidth@ 6 dB (MHz) Q factor
0.1 7.472 -5.660 96 77.83 
0.2 7.056 -3.361 208 33.92 
0.3 6.736 -2.088 224 30.07 
0.4 6.488 -1.255 232 27.97 
0.5 6.280 -1.159 240 26.17 
0.6 6.120 -0.942 248 24.68 
0.7 5.984 -0.908 256 23.38 
0.8 5.872 -0.919 256 22.94 
0.9 5.776 -0.969 256 22.56 
1 5.696 -0.980 256 22.25 
2 5.264 -1.241 264 19.94 
4 4.992 -1.508 256 19.50 
6 4.888 -1.761 264 18.52 
8 4.832 -1.537 256 18.88 
10 4.800 -1.740 256 18.75 
Table 6.2 Simulated reflection coefficient for the slotted antenna with capacitors 
varied from 0.1 pF to 10 pF, respectively 
Fig. 6.3 Side view of the completed fabricated prototype 
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6.2.1. Reflection Coefficient 
Fig. 6.4 shows the simulated and measured reflection coefficient of the proposed 
slotted antenna. In this case, a fixed 1 pF capacitor was connected across the slot. The 
band notch centre frequency is 5.304 GHz, and 5.04 GHz, according to simulation 
and measurement respectively. At this frequency the return loss is 1.01 dB and 2.84 
dB, according to simulation and measurement respectively. The notch band frequency 
and return loss, obtained through simulation and measurement, differ by, at most, 1.83 
dB and 264 MHz. These discrepancies are due to manufacturing tolerances and 
lumped element component parasitics. Fabricated slotted antennas incorporating four 
capacitively loaded slots are shown in Fig. 6.5 alongside the reference antenna. In 
total four prototypes were constructed, incorporating the following capacitor values 
0.2 pF, 0.5 pF, 1 pF and 10 pF. The notch centre frequencies are 6.91 GHz, 5.76 GHz, 
5.04 GHz and 4.195 GHz, with the return loss values of 3.89 dB, 2.42 dB, 2.84 dB, 
and 2.91 dB, respectively. Measured results also show that the notch bands for those 
capacitor values have 6 dB return loss bandwidths of 190 MHz, MHz, 140 MHz and 
105 MHz, respectively. This corresponds to a quality factor of 36.4, 30.3, 36.0 and 
40.0, respectively. In these simulations full models of the components, incorporating 
parasitics and dielectric losses, were used, represented by the manufacturers’ models 
or s-parameters files. 
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Fig. 6.4 Simulated and measured reflection coefficient for slotted antennas with 
four 1 pF capacitors (shown in Fig. 6.3) and the reference antenna 
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Reference Antenna
Slotted Antenna with 0.2 pF
Slotted Antenna with 0.5 pF
Slotted Antenna with 1 pF
Slotted Antenna with 10 pF
Fig. 6.5 Measured reflection coefficient for slotted antennas with four 0.2 pF, 0.5 
pF, 1 pF and 10 pF capacitors, and the reference antenna, respectively 
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6.2.2. Radiation Patterns 
Fig. 6.6 shows measured radiation patterns for the slotted antenna with four 1 pF 
capacitors at 5.04 GHz in both E-(zy-) and H-(xy-) planes. Measurement shows that 
the pattern maximum is directed towards at an angle of 85˚ in H-(xy-) plane, as shown 
in Fig. 6.6(b).  
 
 
Measured both E-(zy-) plane and H-(xy-) plane patterns for a slotted antenna 
incorporating four 1 pF capacitors at other frequencies are presented in Fig. 6.7. The 
proposed antenna has a very stable omni-directional pattern even at high frequencies 
such as 10 GHz. Table 6.3 shows the values of standard deviation from omni-
directional, for the slotted antenna incorporating four 1 pF capacitors, are 0.41 dB, 
0.62 dB and 0.68 dB at 4 GHz, 8 GHz, and 10 GHz, respectively. The large cross-
polar component, shown in Fig. 6.7, is due to the use of a square ground plane. 
 
                             (a)                                                             (b) 
Fig. 6.6 Measured normalized radiation patterns for the slotted antennas 
incorporating four 1 pF capacitors at 5.04 GHz in (a) E-(zy-) plane; (b) H-(xy-) 
plane. 
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Simulations show that this component can be reduced by using a circular ground 
plane. For example a circular ground plane with a diameter of 40 mm reduces the 
cross polar at 4 GHz by at least 19 dB as shown in Fig. 6.8. 
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(a)     (b) 
                   
(b)     (d) 
                 
(e)                                                                  (f) 
Fig. 6.7 Measured normalized radiation patterns for the slotted antennas incorporating 
four 1 pF capacitors (a) in E-(zy-) plane at 4 GHz ; (b) in H-(xy-) plane at 4 GHz; (c) in 
E-(zy-) plane at 8 GHz; (d) in H-(xy-) plane at 8 GHz; (e) in E-(zy-) plane at 10 GHz; 
(f) in H-(xy-) plane at 10 GHz 
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6.2.3. Gain Suppression 
Fig. 6.9 plots the measured azimuthal (i.e. xy-) plane gain in the peak direction for 
several different antennas. The gain for the slotted antenna incorporating four 1 pF 
capacitors, for example, is plotted in the direction of the main lobe in xy-plane (as 
shown in Fig. 6.6), which is 085 . The slotted antennas, featured in Fig. 6.9, 
incorporate 0.2 pF, 0.5 pF, 1pF and 10 pF capacitors, respectively. At the band notch 
Frequency [GHz] Standard deviation from Omni-directional (dB) 
4 0.41 
8 0.62 
10 0.68 
Table 6.3 Standard deviation in dB from omni-directional for the slotted antenna 
incorporating four 1 pF capacitors at 4, 8 and 10 GHz 
 
Fig. 6.8 Simulated normalized radiation patterns in H-(xy-) plane for the slotted 
antennas incorporating four 1 pF capacitors with a circular ground plane with a 
diameter of 40 mm at 4 GHz 
 - 210 -
the peak gain of the four antennas is reduced to -7.52 dBi, -8.79 dBi, -13.21 dBi and -
9.28 dBi, respectively. The reference antenna has a gain of 0.5 dBi, -1.9 dBi, -3.2 dBi 
and -3.7 dBi, at each of these notch band centre frequencies, respectively. For a 
conventional monopole, a higher gain might be expected. Such a low gain is due to 
the small ground plane used and the fact that the maximum directivity is not in the H-
(xy-) plane. It shows that there is approximately 8 dB, 6.9 dB, 10 dB and 5.6 dB of 
gain suppression in the peak directions for those slotted antennas, respectively. 
 
 
Fig. 6.10 shows the effect on the notch centre frequencies and the peak gain 
suppression when the capacitance varies from 0.1 pF to 10 pF in simulation and 
measurement. 
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Reference Antenna
Slotted Antenna - 0.2 pF
Slotted Antenna - 0.5 pF
Slotted Antenna - 1 pF
Slotted Antenna - 10 pF
Fig. 6.9 Measured peak gain for the slotted antennas with four different values of 
capacitors (i.e. 0.2 pF, 0.5 pF, 1 pF and 10 pF) and the reference antenna 
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6.3. Prototype Incorporating Varactors 
Fig. 6.11 illustrates the structure of an antenna incorporating four varactor diodes, 
MV31009-150A, from Microsemi®. The capacitance of these varactors is variable 
from 0.946 pF to 21.982 pF for an applied voltage of 15 V to 0 V. A dc bias line, 
incorporating four 10 k Ω chip resistors, was attached to the anode of varactors to 
supply +ve voltage. The resistor is used to choke any residual RF signals appearing on 
the dc line. The –ve voltage is supplied from the inner conductor of the SMA 
connector by using a bias-tee (ZX85-122G-S+, from Mini-Circuits®). 
 
 
Fig. 6.10 Simulated, measured band-notch frequencies and measured peak gain 
suppression when the capacitors vary from 0.1 pF to 10 pF, respectively 
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(a) 
(b) 
Fig. 6.11 The fabricated prototype with four varactors (a) side view; (b) top view 
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6.3.1. Reflection Coefficient and Gain Suppression 
Fig. 6.12 shows the measured reflection coefficient of a slotted antenna incorporating 
four varactor diodes. The dc bias on the varactors was varied from 0 V to 15 V. This 
causes the notch band centre frequency to vary from 3.79 GHz to 4.885 GHz (as seen 
in Table 6.4), with a return loss from 7.63 dB to 4.96 dB. It is likely that the 
frequency tuning range could be increased, if the capacitance tuning range of the 
varactor was wider. The measured band-notch frequencies for the slotted antenna with 
four varactor diodes with applied voltage of 0 V to 15 V, is plotted in Fig. 6.14. 
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Reference Antenna
Slotted Antenna - 0V
Slotted Antenna - 1V
Slotted Antenna - 2V
Slotted Antenna - 3V
Slotted Antenna - 4V
Slotted Antenna - 5V
Slotted Antenna - 6V
Slotted Antenna - 7V
Slotted Antenna - 8V
Slotted Antenna - 9V
Slotted Antenna - 10V
Slotted Antenna - 11V
Slotted Antenna - 12V
Slotted Antenna - 13V
Slotted Antenna - 14V
Slotted Antenna - 15V
Fig. 6.12 Measured reflection coefficient for slotted antennas with four varactor 
diodes, and the reference antenna, respectively
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Fig. 6.13 illustrates the measured gain suppression in –x direction of H-(xy-) plane for 
the slotted antenna with four varactor diodes, with applied voltage of 0 V to 15 V, 
compared to reference antenna. Please note that such a low gain at higher frequencies 
is due to the small ground plane used and the fact that the maximum directivity is not 
in the H-(xy-) plane, as mentioned earlier. Fig. 6.14 shows how the gain suppression 
changes with four varactor diodes with applied voltage of 0 V to 15 V. From 4.14, it 
is clear that the minimum gain suppression, of only about 3 dB, was achieved with an 
applied voltage of 5 V and the maximum gain suppression, of about 8 dB, was 
achieved with an applied voltage of 14 V. The varactors, MV31009-150A, from 
Microsemi®, used in Fig. 6.11 have a series resistance of 0.455 Ω when the applied 
voltage is set to 4 V. 
Voltage (V) Freq.  (GHz) Refl. Coeff. (dB) 
0 3.790 -7.63 
1 3.835 -7.65 
2 3.920 -7.31 
3 3.995 -6.96 
4 4.085 -6.86 
5 4.170 -6.56 
6 4.250 -6.44 
7 4.330 -6.26 
8 4.405 -6.08 
9 4.485 -5.92 
10 4.560 -5.84 
11 4.625 -5.70 
12 4.695 -5.48 
13 4.760 -5.46 
14 4.825 -5.13 
15 4.885 -4.96 
Table 6.4 Measured reflection coefficient for slotted antennas with four varactor 
diodes, which are varied an applied voltage from 0 V to 15 V. 
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Reference Antenna
Slotted Antenna - 0V
Slotted Antenna - 1V
Slotted Antenna - 2V
Slotted Antenna - 3V
Slotted Antenna - 4V
Slotted Antenna - 5V
Slotted Antenna - 6V
Slotted Antenna - 7V
Slotted Antenna - 8V
Slotted Antenna - 9V
Slotted Antenna - 10V
Slotted Antenna - 11V
Slotted Antenna - 12V
Slotted Antenna - 13V
Slotted Antenna - 14V
Slotted Antenna - 15V
 
Fig. 6.13 Measured gain for the slotted antenna with four varactor diodes (shown in 
Fig. 6.11) and the reference antenna in the –x direction of the azimuthal (i.e. xy-) 
plane 
Fig. 6.14 Measured band-notch frequencies and gain suppression (in –x direction of 
xy-plane, see Fig. 6.11) for the slotted antenna with four varactor diodes with 
applied voltage of 0 V to 15 V, respectively 
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6.3.2. Radiation Patterns 
Fig. 6.15 shows the measured H-(xy-) plane co-polar radiation patterns for a slotted 
antenna with four varactor diodes. The pattern was obtained at 10 GHz, for an applied 
voltage of 0 V, 8 V and 15 V, respectively. For conventional printed antennas, the 
patterns in H-plane become unstable at high frequencies. And it has been shown that 
the slotted antenna, incorporating four 1 pF capacitors, provides omni-directional 
patterns at 4, 8 and 10 GHz in section 5.2.2. Thus only radiation patterns in H-plane at 
10 GHz are given in this section. It is clear that the proposed antenna has a very stable 
omni-directional pattern even at high frequencies such as 10 GHz. Table 6.5 shows 
the values of the standard deviation from omni-directional for the slotted antenna, 
incorporating four varactor diodes with applied voltage of 0 V, 8 V and 15 V, at 10 
GHz, are 0.63 dB, 0.67 dB, and 0.66 dB, respectively. 
 
 
Fig. 6.15 Measured normalized xy-plane co-polarization radiation patterns for the 
slotted antennas with four varactors (shown in Fig. 6.11) at 10 GHz, with applied 
voltage of 0 V, 8 V and 15 V, respectively  
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6.3.3. Caparison between Capacitors and Varactors 
Table 6.6 shows the comparison between the slotted antenna incorporating lumped 
capacitors and varactors. It shows that the frequency tuning range could be increased, 
if the capacitance tuning range of the varactor could be wider. It also shows that the 
gain suppression in the slotted antenna incorporating varactors is lower because of the 
much higher resistance compared to lumped capacitors. Thus, using varactors with 
lower resistance, or variable capacitance RF MEMS devices with very low resistance, 
will increase the gain suppression, thus improving the band-rejection. 
 
 
6.4. Design Guideline 
The pyramidal monopole antenna is made from four triangular printed circuit boards 
and mounted above the centre of the ground plane, shown in Fig. 6.16. The first step 
is to optimize the antenna impedance to cover the required band, i.e. from 3 GHz to 
Applied 
Voltage (V) 
Frequency 
[GHz] 
Standard deviation from 
Omni-directional (dB) 
0 10 0.63 
8 10 0.67 
15 10 0.66 
Table 6.5 Standard deviation in dB from omni-directional for the slotted antenna with 
four varactors at 10 GHz, with applied voltage of 0 V, 8 V, 15 V, respectively 
 Lumped Capacitor MV31009-150A Varactor 
Capacitance [pF] 0.2 to 10  0.946 to 21.982 
Bias voltage range N/A 0 to 15 V 
Resistance [Ω] From 0.1 to 0.25 0.455 at 4 V 
Notch frequency range [GHz] 4.195 to 6.91 3.79 to 4.885 
Maximum gain suppression [dB] 10* 7.8+ 
Minimum gain suppression [dB] 5.6* 3+ 
Table 6.6 Comparison between the slotted antenna incorporating capacitors and 
the one incorporating varactors 
* the peak direction in H-(xy-) plane; + -x direction in H-(xy-) plane 
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11 GHz, by adjusting the height “H”, flare angle “a” as well as the distance between 
the base of the cone and the ground plane “hf”. The second step is to consider how to 
get notched band. Any shape of slot would be etched into each side of the pyramid to 
achieve band-rejection. Due to the dielectric loss of the substrate, the distance 
between two arms of slot can not be too small in order to have certain Q and band-
rejection. However, the bottom width of the slot needs to be small enough to locate 
close to the fed point in order to intercept the current to achieve high gain suppression 
within the notched band. For this pyramidal shape, a loop shaped slot, shown in Fig. 
6.16, is designed. The whole length of the slot is about half wavelength and of course 
will be affected by the distance from the fed point.  The bandwidth or Q factor 
associated with the notched band would be controlled by changing the width of the 
upper part of the loop “Wu”. By loading with the lumped capacitor or varactor diode, 
the resonant frequency of the embedded slot would be adjusted and will changes with 
different value of capacitance. The higher notched band frequency is dependent on the 
maximum capacitance. For example, the notched band frequency of the pyramidal 
monopole antenna, with the dimension shown in Table 6.1, without loading capacitor, 
will be about 6.6 GHz and the notched band frequency will change to 4.8 GHz when 
loading with a 10 pF capacitor. 
 Fig. 6.16 Side view of pyramidal antenna with four shaped loop slots 
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6.5. Summary 
This chapter proposes a novel pyramidal monopole antenna with four loop shaped 
slots. Simulation shows that by loading each slot with a varactor diode, it is possible 
to tune the notch band centre frequency from 4.8 GHz to 7.472 GHz. The quality 
factor can be controlled by adjusting the width of the upper part of the slot. Prototypes 
with capacitors and varactors, respectively, were fabricated and measured.  
 
Experimental results show the there is approximately 8 dB, 6.9 dB, 10 dB and 5.6 dB 
of gain suppression in the peak directions for those slotted antennas incorporating fix 
capacitors, such as 0.2 pF, 0.5 pF, 1 pF and 10 pF, respectively and they also provide 
stable omni-directional radiation patterns within the operating bands even at high 
frequencies, such as 10 GHz.  
 
Measurements show that the reflection coefficient of a slotted antenna incorporating 
four varactor diodes. When the dc bias on the varactors was varied from 0 V to 15 V, 
this causes the notch band centre frequency to vary from 3.79 GHz to 4.885 GHz (as 
seen in Table. 4.3), with a return loss from 7.63 dB to 4.96 dB. It is likely that the 
frequency tuning range could be increased, if the capacitance tuning range of the 
varactor was wider. 
 
Dynamic tuning is possible with electrically variable capacitance devices, such as 
varactors, although the parasitic resistance limits the band rejection levels. Alternative 
tuning devices such as MEMs variable capacitors may address this problem. The 
antenna is a promising candidate for use in wideband applications. If scaled down in 
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frequency it could also be used in IEEE 802.22, cognitive radio rural area networks 
[6], which require omni-directional spectrum search antennas.  
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CHAPTER VII 
CONCLUSIONS AND FUTURE WORK 
7.1. Conclusions 
This dissertation describes research into “Antennas with Frequency Domain Control 
for Future Communication Systems” and several novel antennas are shown, each of 
which address a specific issue for current and future communication systems, in terms 
of wideband coverage, channel capacity, antenna isolation and band-rejection. These 
antenna designs may be candidates for implementation in future multiband radios, and 
software defined radio (SDR) and cognitive radio (CR) systems, although it is evident 
that there are as yet no clear specifications for those future systems. Additionally, the 
reconfigurable two port chassis-antenna and reconfigurable balanced antenna have led 
to three patent applications. 
 
7.1.1. Conclusions for Reconfigurable Two Port Chassis-Antenna 
Future mobile devices might require an antenna that can operate in wide frequency 
range, which approximately covers FM radio broadcast, private mobile radio, radio 
microphones, TV broadcast, the current mobile phone bands, WiFi and other possible 
bands. In addition, supporting wideband radio links designed to handle large amounts 
of data will be expected in the next generation of mobile phones. It is therefore 
important to have an agile device that can cater for as wide a bandwidth as possible 
with the capability to provide operation in at least two bands simultaneously, to 
provide, for example cellular communications and wireless LAN connectivity.  
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Chapter 3 presents a novel two-port reconfigurable antenna, using a pair of coupling 
elements to excite resonant modes within the handset chassis. In this kind of resonant 
antenna-chassis combination, the coupling elements are typically located from the 
edge of the handset chassis, enabling the whole length of the chassis to be used as a 
radiating element. The larger element primarily excites modes within the lowermost 
band of frequencies, while the smaller one primarily excites modes within at the 
uppermost band of frequencies. Using a number of external matching circuits 
including switches and varactor diodes, the antenna can operate in either a 
narrowband or wideband mode.  
 
The total tuning range is depended on the capacitance range of varactor diodes. 
Studies showed that the selection of a frequency in port 1 will restrict choice in port 2, 
and vice versa. The use of varactors and switches may lead to nonlinear effects, but 
these are beyond the scope of this study. Size investigation showed that the small size 
of the antenna will lead to low efficiency, which is expected from the Harrington-Chu 
limits. Measured results show that when the two resonant frequencies are close to one 
other, there will be strong coupling between the two ports. It could be reduced either 
by a decoupling network or an additional element, which should be investigated in 
future. This two port chassis antenna is also limited to a maximum of two 
simultaneous service accesses. Incorporating additional coupling elements should be 
help to alleviate this problem. 
  
A new equivalent circuit for the chassis-antenna, with a single coupling element, was 
derived and shown to model the impedance of the antenna better than was previously 
achieved. For the chassis-antenna with two coupling elements, the equivalent circuit 
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model become more complex and an impedance inverter has been used to represent 
the coupling between two closely separate coupling elements. A further study needs 
to be continued in future to provide sufficient details to explain the coupling between 
the two close coupling elements. 
 
7.1.2. Conclusions for Reconfigurable Balanced Antenna and Its 
MIMO Applications 
In order to enhance communication performance in terms of improved signal quality 
and reliability, by use of multi-path propagation, without requiring additional 
spectrum bandwidth, a frequency agile MIMO antenna, with wide tuning range, will 
be demanded. Three different structures of wideband reconfigurable balanced 
antennas have been presented in Chapter 4, for use in current and future mobile 
wireless communication systems and for possible reconfigurable MIMO applications.  
To my best knowledge this is the first reconfigurable MIMO antenna with such a wide 
tuning range. The proposed MIMO antenna is potentially able to cover multiple 
wireless standards, such as the LTE 700, GSM850, PCN, GSM1800, GSM1900, 
PCS1900 and UMTS bands. 
 
For the balanced antenna, two identical L-network matching circuits are connected to 
each leg, and then connected to an LC balun. To minimize the component count, the 
design of the matching network and the balun is co-optimized. Each matching circuit 
incorporates a single varactor diode together with a bank of fixed inductors. The 
number of resonant frequencies is dependent on the complexity or length of the dipole. 
For example, a small planar dipole only offers single resonant from 700 MHz to 3000 
MHz; a dipole with 70 mm length of arms provides up to three resonant frequencies 
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which are controlled by the matching circuit. When the balanced antenna is combined 
with the two-port chassis-antenna, which also has a wide tuning range, it becomes a 
reconfigurable MIMO antenna for small terminals, and has good measured isolation, 
of at least 15 dB. By inserting a slot into the ground plane, it helps to isolate the two 
external matching circuits, that is to say, the matching circuit for balanced antenna 
and the matching circuit for chassis-antenna, so improving the gain of chassis-antenna. 
However, from a system integration point of view, this makes one part of the circuit 
board floating with respect to the reference common ground. A number of surface 
mount inductor across the slot, acting as a RF choke, could solve this problem. 
 
The total tuning range is dependent on the capacitance range of varactor diodes and 
the size of the balanced element. The study of the balanced element shows that there 
is a trade-off between the tuning range, efficiency and size. Small dipole suffers low 
efficiency due to high dissipated loss on the lumped elements in the circuit. This 
problem can be solved either use low loss components (such as LTCC) or a bigger 
size of antenna element. The use of varactors may lead to nonlinear effects and a 
further investigation is required. 
 
7.1.3. Conclusions for Conical Monopole Antenna Integrated with a 
Filter 
For future communication systems which might require an antenna having as wide a 
bandwidth as possible while maintaining an omni-directional pattern, there is a need 
for stopband capabilities to avoid interfering with nearby narrow-band 
communication systems. Several designs of conical monopole antennas, incorporating 
with different types of slots to achieve good band-rejection behaviour, have been 
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proposed in Chapter 5. These were the 2 C-shaped, 4 C-shaped slots, 4 U-shaped slots, 
4 tilted-U-shaped slots and 4 U-C-shaped slots. The total efficiency and gain 
suppression for each type of slots are summarised in Table 7.1. Those proposed 
wideband antennas with band-notch behaviour are promising candidates for use in 
wideband applications and if scaled down in frequency, for rural area networks 
(Cognitive Radio based) which will require omni-directional spectrum search 
antennas.  
 
 
 
The elliptical shaped antenna is inherently a wide band radiating element having an 
omni-directional radiation pattern even at a high frequency, and is therefore will 
suited for use in wideband systems. In this type of conical antenna the current is 
distributed evenly around the circumference, so that the slot can couple more strongly 
than other types, particularly planar types in which the current is concentrated along 
the edge. In addition, the bottom of an elliptical cone is larger than a V-shaped cone, 
which enables the slot to be located closer to the fed point, to further enhance 
coupling. The elliptical cone antenna has three parameters, namely the height of the 
cone, the flare angle, and the distance between the base of the cone and the ground 
Resonator 
Measured 
Notch 
Frequency 
(GHz) 
Reflection 
Coefficient 
[dB] 
Notch 
Band Q 
Factor +
Simulated 
Lowest 
Total 
Efficiency 
(dB) 
Measured Peak 
Gain Suppression
(dBi) 
10.7 2 C-shaped 5.42 -0.63 6.70 -12.6 40.9* 
4 C-shaped 8.71 -0.10 5.58 -28.3 28.8 
4 U-shaped 5.18 -1.30 34.50 -13.9 12.7 
4 tilted U_shaped 5.35 -0.87 16.46 -15.6 19.7 
4 U_C_shaped 7.41 -0.46 6.83 -25.0 25.0 
  Table 7.1 Total efficiency and gain suppression for each type of slots.  
  +at 6 dB return loss bandwidth;* null direction 
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plane. By adjusting these parameters, it is possible to optimize the antenna’s radiation 
pattern and input impedance. The different shaped slots offer a choice of narrow or 
wide rejection band (i.e. high Q or low Q). The total length of the slot is 
approximately half-a-wavelength at the notch-band frequency. Location of the slot 
will affect the resonant frequency. Increasing the slot length reduces the notch 
frequency. The study of wideband antennas with notched-band behaviour using a 
simple equivalent circuit model has been introduced in section 5.5. Numerical results 
show that there is a trade-off between the gain suppression and the quality factor of 
the band-notch. Increasing the number of resonators and the coupling factor will of 
course increase the band-rejection. However, it will also widen the bandwidth of the 
frequency notched band.  
 
Table 7.1 shows that different shape of slot offers different bandwidth or Q factor and 
it shows that the U-shaped slot provides higher Q than other shapes, i.e. C-shaped. 
The effect on the Q factor might be due to the radiation loss, mutual coupling between 
the arms of the slots, or other potential reasons. It is necessary to investigate and find 
the physical explanation for the effect. Table 7.1 shows that the gain suppression of 
the tilted-U-shaped slotted antenna has been significantly improved when compared 
to that of the vertical U-shaped slotted antenna. This result implies that the mutual 
coupling of the slots or resonators will affect the band-rejection and a further 
investigation by using equivalent circuit model is necessary.  
 
Low cost production would depend on the intended frequency range and hence size. 
For smaller size the antennas could be die casting. Larger size could be produced by 
rapid prototyping. Alternately if the cone shape is altered at the expense of bandwidth 
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several possibilities exist. A straight cone with circular cross section can be made by 
wrapping thin flexible PCB. A straight cone with square cross section can be made 
from four triangular printed circuit boards, as demonstrated in Chapter 6. 
 
7.1.4. Conclusions for Pyramidal Monopole Antenna with Tunable 
Band-Notch 
The notch band frequencies for the antennas proposed in Chapter 5 are fixed and can 
only be changed by modifying the length of slots prior to manufacture. To address 
this problem, a novel pyramidal monopole antenna, with four loop shaped slots, 
offering wide tunable band-notch, was proposed in Chapter 6.  
 
To optimize the antenna impedance to cover the required band, i.e. from 3 GHz to 11 
GHz, the height “H”, flare angle “a” as well as the distance between the base of the 
cone and the ground plane “hf” are needed to be adjusted. For this pyramidal shape, a 
loop shaped slot is etched on each side of pyramid antenna. The whole length of the 
slot is about half wavelength and of course will be affected by the distance from the 
fed point.  The bandwidth or Q factor associated with the notched band would be 
controlled by changing the width of the upper part of the loop. By loading with the 
lumped capacitor or varactor diode, the resonant frequency of the embedded slot 
would be adjusted and will changes with different value of capacitance. The higher 
notched band frequency is dependent on the maximum capacitance. Prototypes with 
capacitors and varactors, respectively, were fabricated and measured. However, in 
demonstration, the frequency tuning range was limited by the capacitance tuning 
range of the varactor. It is likely that the frequency tuning range could be increased, if 
the capacitance tuning range of the varactor was wider. The measured results show 
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that the performance of band-rejection significantly relates to the loss of the 
components used. Higher performance of band-rejection requires lower loss of 
varactors or compactors, or alternatively increasing the upper part of the loop shaped 
slot for lower Q (wider bandwidth) of notched band to minimize the components loss 
effects.  
 
7.2. Future Work 
This work has shown that the reconfigurable chassis-antenna, reconfigurable balanced 
antenna and reconfigurable MIMO antenna give rise to many new features, such as 
wide continuous tuning range, improve channel capacity, high isolation etc. However, 
the potential trade-off is poor linearity due to the use of varactor diodes. In addition, 
there are some limitations for the two port chassis-antenna, as mentioned earlier, such 
as when two bands are operating close to each other then the coupling is increased. 
The antenna is also limited to a maximum of two simultaneous service accesses. Thus 
this antenna is not an ideal candidate for future communication system, if they require 
multiple services access with high isolation.  
 
Some further investigations can be made in the future: -  
1). A set of measurements for the MIMO antenna in a rich multipath environment 
to investigate the MIMO performance, in terms of correlation coefficient, 
power imbalance, diversity gain and average capacity increase;  
2). Investigate whether either by circuit (for example, decoupling network) or 
additional element, the coupling between two close operating frequency bands 
can be reduced; 
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3). Study the complex coupling between two close coupling elements and provide 
physical explanations; 
4). Investigate the use of more than two coupling elements to provide multiple 
bands operation and to optimize the element locations to have good tuning 
range and high isolation between each port; 
5). Due to the small amount of space which is available for mobile terminals, 
more than two antenna elements may be not practical. Investigate the use of 
multiple matching circuits in the chassis antenna, to get multiple outputs, 
mimicking multiple antennas; 
6). Linearization of non linear front end components is currently done. It may be 
possible to extend such techniques to allow the use of semiconductor based 
tuning elements, such as varactors, in antennas; 
7). The trend to on-chip transceivers in software defined radio (SDR) and 
cognitive radio (CR) suggests that the integration of filtering into antennas 
will become important. Integrating a filter, using for example lump elements, 
with matching circuit to improve out of band-rejection, should be investigated. 
8). Investigate the effect on Q factor with different shape of slots using the 
equivalent circuit model. 
9). Study the mutual coupling between the slots or resonators using the equivalent 
circuit model to explain why enhancing the mutual coupling between slots or 
resonators will result in improvement of band-notched frequency.  
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APPENDIX A  
GLOSSARY OF FREQUENCY RECONFIGURABLE ANTENNAS 
SUMMARY 
Table A.1 gives antennas incorporating different types of switches [1-39] and 
switching techniques and resulting their performance are noted. Table A.2 shows 
antennas incorporating varactor diodes [40-71]. Reconfigurations by other techniques 
[72-78] are listed in Table A.3.  
 
The tables show that several designs have been proposed for reconfigurable balanced 
antennas namely dipole, folded loop, etc. Refs. [12, 16, 19, 36-39] introduce 
reconfigurable balanced antennas incorporating switches on each arm of the balanced 
elements while refs. [70-71] present the antennas incorporating varactor diodes, which 
were located on each arm of the balanced elements.  
 
Those reconfigurable antennas [1-78] can be initially summarised as below:  
 Designed for handset: refs. [2, 4, 7, 13, 21, 24, 26-28, 32, 42, 48, 54-56, 58, 
60-62, 64, 67, 69] 
 Continuously cover most of DVB band (470 MHz to 862 MHz): refs. [12, 15, 
26, 32, 40, 44, 54-56, 59, 61-63] 
 Designed for handset: refs. [26, 32, 54-56, 61-62] 
 Continuously cover from GSM (850 MHz) to IMT2000 (2100 MHz): refs. 
[21, 26-28, 41-42, 48, 57-58] 
 Designed for handset: Refs. [21, 26-28, 42, 48, 58] 
 Continuously cover from PCS (1850 MHz) to Wifi (2450 MHz): refs. [6, 11, 
18, 26-29, 48, 57-58, 67] 
 Designed for handset: refs. [26-28, 48, 58, 67] 
 Continuously cover from GSM (850 MHz) to Wifi (2450 MHz): refs. [26-28, 
48, 57-58] 
 Designed for handset: refs. [26-28, 48, 58] 
 Continuously cover from DVB (470 MHz) to GPS (1500 MHz): refs. [12, 26, 
44] 
 Designed for handset: ref. [26] 
 Continuously cover from DVB (470 MHz) to Wifi (2450 MHz): refs. [26] 
 Designed for handset: ref. [26] 
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 Dual-band simultaneous operations (narrowband modes): refs. [7, 21, 27-28, 
47, 52, 54, 61, 67, 69]  
 Designed for handset: refs. [7, 21, 27, 28, 54, 61, 67, 69] 
 More than two bands simultaneous operations (narrowband modes): refs. [57, 
60] 
 Designed for handset: ref. [60] 
 Claim designing for cognitive radio or software defined radio: refs. [29, 31, 
33-35, 76]  
 
From the summary above, it shows that there are many antenna designs available for 
handset application in the open literature. However, in those literatures only the 
antenna in ref. [26] can cover from 470 MHz up to 2450 MHz. Only antenna designs 
in refs. [7, 21, 27, 28, 54, 61, 67, 69] can provide dual-band simultaneous operations 
and antenna in ref [60] can provide 5 bands simultaneous operations. Thus, there is no 
antenna with dual-band operations simultaneously to continuously cover from DVB 
(470 MHz) to Wifi (2450 MHz) Bands. Ref. [26] describes a single port chassis 
antenna, which has the widest coverage range. The antenna incorporates 17 matching 
circuits to cover from 76 MHz to 2500 MHz and 5 matching circuits to cover from 
470 MHz to 2500 MHz. However, there are two disadvantages. Firstly the large 
number of switches will introduce significant losses and secondly the antenna is 
limited to one band at a time and is thus not suitable for terminals which require more 
than one simultaneous service access. 
 
Table A.1 Reconfigurable antennas incorporating switches 
Ref. Antenna Figure Antenna structure 
Size 
(mm) 
Switching band 
(GHz) 
Frequency switching 
technique Switch type
Number of 
switch 
[1] E-shaped 
patch antenna 21.7×13.2
State 1: 9.2-15
State 2: 7.5-10.7
Varying the width of 
E-shape. 
Pin diode 
switch 19 
Pin diode  2 
GaAs FET 1 
[2] 
PIFA 98×42 
Mode 0: 
0.85,0.92,1.8
Mode 1: 
0.85,0.92,1.9,
2.05 
Switched feed 
 
MEMs 1 
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Pin diode  1 
GaAs FET 1 PIFA 100.5×42
Mode 0: 
0.85,0.9,1.8,1.9
Mode 1: 
1.8,1.9,2.05,2.45
Switched ground 
 
MEMs 1 
[3] 
 
Stacked 
square 
microstrip 
patch 
130×130 State 1: 1.75State 2: 0.688
Switching from 
stacked square to 
PIFA type antenna
PIN diode 3 
[4] 
 
 
 
 
 
PIFA 100×40
Mode 1:  
0.748-0.912 
Mode 2:  
1.84-2.151, 
1.849-2.156, 
1.901-2.185 
Re-matching antenna 
externally MEMS 4 
[5] 
 
Microstrip 
planar antenna 
with a 
rectangular 
slot 
48×48 Mode1: 3.43Mode2: 3.11 
Controlling the 
effective path length
(Switching)
Diode 2 
[6] Rectangular 
patch 120×120
Mode 1 to Mode 
8 (1.82 – 2.48) Varying the patch size PIN diode 4 
[7] Two-port 
PIFA and 
monopole 
150×40
Mode 1 : 0.75, 
1.92, and 3.6
Mode 2 : 0.92 
and 5.25 
Two ports and 
switched length of 
PIFA 
PIN diode 1 
[8] Annular slot 
antenna 50×50 
Mode 1: 5.2 
Mode 2: 5.8 
Mode 3: 6.5 
Reconfigure the 
impedance match PIN diode 3 
[9] Annular slot 
antenna 70×70 
Mode 1: 1.63
Mode 2: 2.34
Change the length of 
the microstrip feed PIN diode 1 
[10] Aperture-
coupled 
microstrip 
patch antenna 
2.6×2.8
Mode 1 to  
Mode 5: 
9.8 to 19  
Change the coupling 
between the H-shape 
patch antenna and two
parasitic elements
PIN diode 8 
[11] Integrated 
with 7 dipole 
elements 
160×76
State 1: 0.8-0.9
State 2: 1.7-2.5
State 3: 3.3-3.6
State 4: 5.1-5.9
Switched between 
different size of 
dipole elemetns 
MENS 4 
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[12] 
Printed dipole 100×100
Mode 1 to  
Mode 4:  
0.5 to 1.8 
Switched to change 
the length of each 
dipole arm 
GaAs FET 6 
[13] Slotted 
rectangular 
patch 
24×20 
State 1: 0.665
State 2: 0.85
State 3: 0.945
State 4: 1.175
Switched between 
different posts PIN diode 3 
[14] Slot antenna 76.6×64
State 1: 0.561
State 2: 0.627
State 3: 0.711
State 4: 0.95
Switched to change 
the length of the slot PIN diode 4 
[15] PIFA-as-a-Package 50×25 
Cover from 
0.4078 to 0.4631
Switched between 8 
different short straps 
to ground 
PIN diode 
GaAs FET 
CMOS or 
MENS 
8 
[16] Printed dipole about 90×90 
State 1: 2.26
State 2: 2.7 
State 3: 3.15
Changed the length of 
each dipole arm 
Silicon 
photo 
switch 
2 
[17] Annular slot antenna 
about 
25×25 
State 1: 2.4 
State 2: 5.3 
Changed the length of 
feed line MEMS 3 
[18] Patch antenna 30×30 Cover from 1.7 to 2.7 
The use of switches 
connecting metal 
portions to the ground 
plane 
Ideal (i.e. 
soldering) 8 
[19] Printed dipole Not state Cover from 8 to 12 
Changed the length of 
each dipole arm MEMS 8 
[20] 
Mini-nested 
patches 
antenna 
23.05× 
21.55 
State 1: 0.9 
State 2: 1.57
State 3: 1.8 
State 4: 2.4 
Changed the size of 
patch MEMS 4 
PIFA 100×40
State 1: 0.824-0.96
State 2: 1.71-1.88
State 3: 1.85-1.99
State 4: 1.92-2.17
 
Switched connection 
for impedance 
matching 
MEMS 2 
[21] 
Two PIFAs 100×40
State 1: 0.824-0.849
State 2: 0.88-0.915
State 3: 0.925-0.960
State 4: 0.824-0.894
State 5: 1.710-1.785
State 6: 1.85-1.910
State 7: 1.85-1.99
State 8: 1.92-2.17
Switched connection 
for impedance 
matching 
MEMS 8 
[22] E-shaped PIFA  40×20 
State 1: 2.4-2.484 & 
5.15-5.35 
State 2: 3.3-3.6 & 
5.15-5.35 
State 3: 2.4-2.484 & 
5.757-5.825 
State 4: 3.3-3.6 & 
5.775 
Switched to change 
the structure MEMS 6 
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[23] 
 
Stacked patch 
antenna 38.8×38.8
State 1: 1.8-2.14
State 2: 0.6 
Switched between 
two patches PIN dipole 3 
[24] 
Rectangular 
patch and two 
parasitic 
folded dipole 
elements 
100×65
State 1: 10 & 11
State 2: 5 & 15
State 3: 5 & 15
State 4: 14 & 15
Switching the patch 
and folded dipoles 
configuration 
PIN dipole 4 
[25] Sierpinski antenna 25×20 
State 1: 18 
State 2:  9.4 
State 3: 5.7 & 
16.7 
State 4: 2.4, 9 & 
16.4 
Switched to increase 
the number of 
radiating elements
MEMS 6 
[26] Chassis Antenna 
Not state 
but handset 
size 
State 1 to 17:
0.076 to 2.5 
Incorporating 17 
external matching 
circuits to cover the 
required bands 
PIN diode 
GaAs FET 
CMOS or 
MENS 
Large 
Number
[27] PIFA type antenna 
Not state 
but handset 
size 
Not state 
But able to cover 
GSM, GPS, 
PCS, WiFi and 
etc 
A leg is feed port, 
others are the tuning 
port, which are 
connected different 
reactive loads 
(matching circuits)
PIN diode 
GaAs FET 
CMOS or 
MENS 
Large 
Number
[28] 
Two-port 
Chassis 
antenna 
110×50
Port 1:  
State 1:  
0.824 to 0.901 
State 2: 
0.87 to 0.96 
Port 2: 1.71-2.17
Low band element is 
incorporating two 
matching circuits and 
controlled by switch; 
high band element is 
incorporating a 
matching circuit 
GaAs SPDT 1 
[29] Vivaldi Antenna 144×100
State 1 – 3: 
1 to 3.2 
Four pairs of 
switchable ring slots 
were introduced to 
change the wideband 
properties into 
narrower pass bands
PIN diode 8 
[30] 
UWB antenna 
with Defected 
microstrip 
structure 
(DMS) band 
pass filter 
65×40 
State 1: 7.4 
State 2: 9.3 
State 3: 10.8
The band pass filter is a 
reconfigurable T-shaped 
DMS structure, 
incorporating 9 switches 
to change the length of 
T-shaped slot 
Ideal 
Switch 
(Copper) 
9 
[31] 
Two printed 
microstrip-
line-fed 
monopoles 
50×50 
Port 1:  
3.1 to 10.6 
Port 2: 
State 1: 5.5 and 9.15
State 2: 4.85 and 8.15
State 3:  
4.4, 7.41 and 10.33
The wideband monopole 
operates from 3 to 11 GHz. 
The narrowband monopole 
has two switches to change 
the length 
Ideal 
Switch 
(Copper) 
2 
[32] Meander antenna 60×49 
State 1 to 8: 
0.47 to 0.702
The meander antenna 
uses PIN diodes 
inserted in different 
points of the radiating 
element 
PIN diode 8 
[33] 
Two ports 
Printed 
monopole and 
PIFA 
54×35 
Port 1: 
3 to 11 
Port 2: 
3 matching 
circuits to get 4, 
8, and 10 
Port 1 is wideband 
mode, and port 2 can 
be tuned be used 
different matching 
circuits 
Not state Not state
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[34] Slot antenna Not state
Mode 1: 
8.14 to 11 
Mode 2: 
2.56 to 11 
Mode 3: 
4.3 and 10.3 
Using six switches to 
achieve three different
operating modes 
Ideal switch 
(coper) 6 
Microstrip 
patch antenna 110×30
Mode 1: 
3.6 to 11 
Mode 2: 
7.64 
Using three switches 
to achieve two 
different operating 
modes 
Ideal switch 
(coper) 3 
[35] 
Microstrip 
patch antenna 110×30
Mode 1: 
3.17 to 7.62 
Mode 2: 
4.18 to 7.84 
Mode 3: 
6 to 10.1 
Using three switches 
to achieve three 
different wideband 
modes 
Ideal switch 
(coper) 3 
[36] Dipole antenna 16×7 
Mode 1: 
8.98 
Mode 2: 
4.86 
By operating the 
switches in the gap of 
each dipole arm 
MEMS 2 
[37] Printed dipole antenna 62×62 
Mode 1: 
2.251 
Mode 2: 
2.517 
Two optically 
activated silicon 
switches are placed 
on small gaps in the 
dipole arms 
Silicon 
switches 2 
[38] 
CPW-fed 
folded dipole 
antenna 
Not state
Mode 1: 
5.1 
Mode 2: 
5.6 
By changed the state 
of the switches, it is 
possible to discretely 
tune the resonate 
frequency 
Ideal switch 
(coper) 3 
[39] Printed dipole antenna 64×64 
State 1: 0.9 
State 2: 1.05 
State 3: 1.205 
State 4: 1.46 
State 5: 1.75 
State 6: 2.05 
State 7: 2.77 
Incorporating six 
ideal switches on each
dipole arm 
Ideal switch 
(coper) 12 
 
 
Table A.2 Reconfigurable antennas incorporating varactor diodes 
Ref. Antenna Figure Antenna structure 
Size 
(mm)
Tuning range
(GHz) Tuning technique 
Varactor 
range (pF) 
Number of
varactor
[40] Meander line antenna Not state
0.415 to over 
0.7 
A single varactor was inserted in 
series with the upper and lower 
segments of the meander 
Not state 1 
[41] 
Rectangular 
patch 
antenna 
60×60 1.47 to 2.3
Varactor diodes are in parallel and 
connected two rectangular patch 
antenna 
0.1 to 15 6 
[42] PIFA 80×40 1.64 to 2.05
A varactor diode is integrated 
between the slot and bias feeding 
strip line 
0.2 to 1.15 1 
[43] Annular slotantenna 300×300 1.92 to 2.55
A varactor is located at the 
shorting pin and ground 1.44 to 21.6 1 
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[44] 
Patch 
antenna 
with two 
shoring 
posts 
80×40 0.55 to 1.5
Two varactors were placed  in 
front of each shorting post to shift 
the resonant frequency 
2 to 14 2 
[45] L-shaped slot 52×52 2.15 – 2.8
Changing the value of capacitors 
to reconfigure the slot 0.56 to 4.7 2 
[46] Patch antenna 44×44 1.6 to 1.8 
Connecting the varactor diodes to 
alter the capacitance of the patch 1.02 to 7.37 2 
[47] 
Dual-band 
bent slot 
antenna 
150×110
Band 1: 
1.1 to 1.45
Band 2: 
1.7 to 2.9 
Dual-frequency operation is 
achieved by loading a slot antenna 
with two varactors placed in 
proper locations along the slot 
0.5 to 2.25 2 
[48] 
PIFA with 
matching 
circuit 
44×19.84 0.9 to 2.4 
A matching circuit, including 
three capacitors, is connected to 
the PIFA externally 
Capacitor 1: 
0.6 to 2.089 
Capacitor 2: 
0.029 to 3.113 
Capacitor 3: 
0.334 to 3.467 
3 
[49] 
 
Rectangular 
patch 77×57 2.6 to 3.35
The varactor is located on the back
of the antenna and is soldered to 
the microstrip line at the position 
where the feeding probe is 
connecting to the microstrip line 
0.4 to 1.5 1 
[50] Folded slot antenna 40×40 3.18 to 3.29
The resonant frequency of a 
slot/coplanar patch antenna is 
tuned using a discrete varactor 
component, which is placed over 
the radiating slot 
1.05 to 1.5 1 
[51] 
 
Microstrip 
monopole 
antenna 
24×12
State 1: 
2.3 to 2.5 
State 2: 
5.15 to 5.35
 
1 PIN dipole switch and 1 varactor 
are located in the meander line to 
change the resonant frequency 
14 to 36 1 
[52] 
Dual band 
EBG Not state
Band 1: 
0.7 to 1.2 
Band 2: 
1.7 to 2.6 
A varactor diode soldered between 
each square patch and the DC bias 
line 
0.6 to 4.5 128 
Asymmetric 
folded 
dipole 
100×100 2.7 to 3.5 
A varactor diode was connected 
between the element and the 
ground plane 
Not state 1 
[53] 
 
Two 
opposite 
stacked 
quarter-
wavelength 
elements 
100×100 1.7 to 2.23
A varactor diode is placed 
between the radiating element and 
the CPW feed line 
Not state 1 
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[54] Two-port 
Chassis 
antenna 
110×55
Band 1: 
0.442 to 0.758
Band 2: 
0.88 to 0.96
External matching circuit, contains
an anti-series varactor pair 
A filter is added to the matching 
circuit to block EGSM TX to the 
DVB-H antenna 
1.77 to 34.06 1 
[55] PIFA 100×60 0.47-0.77 
Using a tuning circuit which 
consists of a varactor diode to 
adjust the impedances 
0.8 to 8 1 
[56] IFA 90×40 0.47 to 0.688
A varactor loads the IFA element 
and thus enables it to resonate at 
different frequencies 
0.1 to 1 1 
[57] 
5 Bands 
Patch 
antenna 
50×50
5 tunable 
bands to cover 
0.92 to 2.98
By placing a varactor diode at the 
input of the sub-patches to change 
the impedance matching 
frequency 
2 to 14 4 
[58] 
Printed 
Loop-
Monopole 
(Chassis-
antenna) 
Not state
(handset 
size) 
0.7 to 6 
The monopole contributes tuning in the 
lower frequency bands by using an LC 
(Varactor)-tank resonating tuner while the 
loop contributes to a tuning in the upper 
frequency bands by using a bank of RF 
switches 
0.18 to 3.81 1 
[59] 
Capacitively 
loaded loop 
(CLL) 
50×50 0.4575 to 0.8945 
Three varactor diodes and dc 
block capacitors mounted on the 
horizontal substrate, and thus 
tunable loaded capacitance of the 
radiating CLL 
0.12 to 4 3 
[60] 4 bands PIFA 
Not state
(handset 
size) 
Bnad 1:  
0.7 to 0.95 
Bnad 2: 
 1.79 to 2.19 
Bnad 3:  
3.43 to 3.57 
Bnad 4:  
4.95 to 5.2 
Two varactor diodes were located 
inside the PIFA to change the 
capacitance 
1.2 to 7 2 
[61] Dual-band PIFA 36×18
Band 1: 
0.34 to 0.84
Band 2: 
2.2 to 2.3 
The operation frequencies are 
tuned by the varactor diode, which 
was placed between the inner 
semicircular patch and the outer 
half-rings 
1.5 to 19 1 
[62] PIFA 107×62 0.47 to 0.862
By combining the switching of 4 
PIN diodes and the control of the 
varactor diode capacitance 
5 to 40 1 
[63] Slot antenna 35×20
Mode 1:  
0.42 to 0.96
Mode 2: 
0.8 to 1.48
A PIN diode and a varactor diode 
are used in the structure, two 
modes were tuned  
Not state 
 1 
[64] 
Meander-
type stack 
antenna 
Not state
but 
should be 
small
2.17 to 2.56
Change the value of capacitor, but 
not clear the location of the 
capacitor 
(Capacitor 
instead of 
varactor) 
0 to 10 pF 
1 
[65] Slot-loop antenna 40×38.97 2.34 to 4 
By periodically loading the slot 
line with two varactor diodes at a 
45˚ load period 
Not state 2 
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[66] 
Split ring 
resonator 
antenna 
80×80 1.81 t 2.14
By loading a reversely biased 
varactor diode which could offer 
variable capacitance into a SRR 
0.79 to 4.15 1 
[67] 
Dual-band 
planar 
monopole 
antenna 
80×40
Band 1: 
1.9 to 2.6 
Band 2: 
3.5 
A varactor capacitor is serially 
attached to one of the strips, which
can tune the resonant frequency 
0.1 to 3 1 
[68] 
Waveguide 
antenna with a 
varactor-loaded 
Split-Ring 
Resonator 
465.2×30.62 1.96 to 2.36
The resonant frequency of a split-
ring resonator is tuned by 
adjusting the capacitance of the 
gap 
0.25 to 5 1 
[69] Dual-band PIFA 80×42
Band 1:  
1.1 to 1.3 
Band 2: 
1.85 to 2.2
A varactor was inserted into the 
slot of the PIFA to change the 
antenna capacitance 
1.5 to 4 1 
[70] 
CPW-fed 
CPS dipole 
antenna 
50×30
Band 1: 
2.065-2.365
Band 2: 
3.955-3.505
Two varactors were located at the 
middle of each arm Not state 2 
[71] 
 
Quasi-Yagi 
folded 
dipole 
antenna 
Not state 6-6.6 
A pair of varactor diodes loaded 
on the thin strip of the folded 
dipole 
0.1 to 1 2 
 
 
 
Table A.3 Reconfigurable antennas by other techniques 
Other Reconfigurable Techniques 
Ref. Antenna Figure Antenna structure 
Size 
(mm)
Tuning range
(GHz) Tuning technique 
Reconfigurable 
Technique 
[72] 
Micromechani
cal patch 
antenna 
2.2×2.2 38.8 to 46.3
The micromechanical patch is moving via 
electrostatic force. As the bias voltage 
between patch and antenna is changed, it 
makes the patch to move and the antenna 
operating frequency changes too. 
Mechanical 
[73] Microstrip patch antenna Not state 16.8 to 17.82
Electrostatic actuation of the membrane 
away from the substrate introduces a 
controllable air gap, and so lowers the 
substrate’s effective dielectric constant in 
the membrane region 
Mechanical 
[74] 
Patch antenna 
with a liquid 
crystal 
substrate 
60×60 1.08 to 2.35
A liquid crystal substrate for a patch antenna 
whose frequency can be tuned by changing 
the biasing voltage across the substrate 
Changing 
Substrate 
Characteristic
[75] 
Rolled planar 
monopole 
antenna 
100×100 2.9 to 15 
By adjusting the degree of spiral tightness, a 
shift of the well-matched operating 
frequency range is achieved 
Mechanical 
[76] 
Different 
shapes of 
printed 
monopoles 
70×50
Antenna 1:
2 to 10 
Antenna 2:
2 to 10 
The five different patches were rotated to be 
reconfigured 
Mechanical 
(motor) 
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[77] 
Dielectric 
Resonator 
Antenna 
100×100 2.5 to 4,5 
The coaxial probe-fed structure has tunable 
impedance properties that are reversibly 
controlled by adjusting the columnar height 
of the dispersion 
Mechanical 
[78] 
 
A microstrip 
antenna on a 
ferrite 
substrate 
Not state
State 1: 
4.6-5.5 
State 2: 
2.8-4.6 
The rectangular microstrip antenna is 
printed on a ferrite substrate, which is 
magnetically biased along one of three 
possible principal axes. The resonant 
frequency can be tuned by varying the DC 
magnetic bias field applied to the substrate 
Changing the 
Substrate 
Characteristic
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APPENDIX B  
MATCHING CIRCUIT DESIGN 
The objective of this appendix is to explain the design of a matching circuit, 
incorporating a varactor, for the chassis-antenna, with a single coupling element, as 
seen in Fig. B.1, to achieve wide tuning range with minimum components. 
 
 
 
Fig. B.2 shows the input impedance for the chassis-antenna with a single coupling 
element. It is clear that the antenna provides capacitive susceptance in the low 
frequencies and inductive susceptance at high frequencies. From basic principle, 
adding one inductor or capacitor can match any low frequency or high frequency, 
respectively. For example, the circuit incorporating an inductor, shown in Fig. B.3, 
can rotate the frequency of 1140 MHz, from the mismatched point close to the centre 
of the Smith Chart, as shown in Fig. B.4. Similarly the circuit incorporating a 
capacitor shown in Fig. B.5, can rotate the frequency of 2442 MHz, from the 
mismatched point to the centre, as shown in Fig. B.6.  
 
 
Fig. B.2 Input impedance for the chassis-
antenna with one single element on the Smith 
Chart (from 50 MHz to 3 GHz) 
               
Fig. B.1 The structure of one port chassis-
antenna 
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It is clear that by changing the value of inductor or capacitor, can move any low 
frequency or high frequency close to the matching point. Thus an LC series network, 
as shown in Fig. B.7, would cover both low and high bands. In the series network, 
increasing the inductance or capacitance could move the frequency clockwise as 
shown in Fig. B.8. 
 
Fig. B.6 Input impedance on the Smith Chart 
for for the antenna itself and the antenna with 
matching circuit (from 50 MHz to 3 GHz) 
  
Fig. B.5 The matching network 
incorporating a capacitor 
 
Fig. B.4 Input impedance on the Smith Chart 
for for the antenna itself and the antenna with 
matching circuit (from 50 MHz to 3 GHz) 
   
Fig. B.3 The matching network 
incorporating an inductor 
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Reducing the capacitance will move the frequency anti-clockwise, thus moving the 
frequency close to the centre. However, the resonant frequency of 820 MHz, in Fig. 
B.8, still not well matched. The third component, a shunt inductor, is needed as shown 
in Fig. B.9. By incorporating a shunt inductor, it is possible to counter-clockwise 
move the frequencies which are capacitive on the chart until the desired impedance is 
achieved, as shown in Fig. B.10. 
  
 
Fig. B.10 Input impedance on the Smith Chart 
for the antenna itself and the antenna with 
matching circuit (from 50 MHz to 3 GHz) 
Fig. B.9 The matching network 
incorporating a series inductor, a series 
capacitor and a shunt inductor 
 
Fig. B.8 Input impedance on the Smith Chart 
for the antenna itself and the antenna with 
matching circuit (from 50 MHz to 3 GHz) 
Fig. B.7 The matching network 
incorporating a series inductor and a series 
 - 253 -
Thus, optimising the three components, namely the series inductor, series capacitor 
and shunt inductor, it is possible to cover a wide tuning range. The series inductor 
determines the lowest resonant frequency, a capacitor which can be replaced by a 
varactor tunes the resonant frequency, and the shunt inductor match at the resonant 
frequency. The values of the components within each of the matching circuits were 
calculated using standard formulas available within the literature [1]. Microwave 
Office, from Applied Wave Research, was then used to adjust the value of each 
inductor in order to optimise the return loss performance of the antenna. 
 
References: 
[1] C. Bowick, RF Circuit Design, Newnes, 1997, pp. 66 – 97. 
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APPENDIX C  
SIMPLE ARRAY ANALYSIS 
Extraction of the surface currents on the antenna and ground plane of the conical 
antenna with 2 C-shaped slots, at 5.41 GHz, indicated the presence of strong currents 
on the top of the slots, and on the ground plane edges (Chapter 5, Section 5.1). Fig. 
C.1 shows the relative locations of these current concentrations. To enable a first 
order analysis of the likely radiation pattern of these current sources, it is assumed 
that there are strong vertical components of the currents at these locations, either 
across the metal bridge at the top of the C slots, or on the ground plane edge. Two 
tools were used to do simple array analysis on these currents.  
1) Matlab 
2) CST array tools in CST Microwave Studio®   
 
 
Fig. C.1 The relative locations of those current concentration on the cone and 
ground plane (conical antenna with 2 C-shaped slots, details can be referred to 
Chapter 5, Section 5.1) 
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C.1. Matlab 
For a simple calculation, it is firstly assumed that there are strong vertical components 
of the currents at these locations, either across the metal bridge at the top of the C 
slots, or on the ground plane edge, and that secondly the currents are of equal 
magnitude. A simple array analysis using the equation [1] as below: 
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in which, m=2 and n=4 in the x and y directions with distances dx=15mm and 
dy=20mm.  has a range from 0˚ to 360˚ and  is fixed at 90˚. Both values of phase 
shift (i.e. x and y ) are 0. 
 
The Matlab code for this calculation follows. The function referred to ‘polar_dB.m’ is 
used to plot the radiation patterns in polar coordinates [2]: 
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C.2. CST Array Tools 
The Matlab code provided in the previous section was assumed that the elements, in x 
and y directions, had identical amplitude, distance and phase difference, respectively. 
When the values of amplitude, distance and phase difference of the elements are 
different, the equation needs to be modified and becomes complex. Alternatively, 
CST array tools can be used. The steps for the array analysis are as follows: 
1) Design a simple dipole antenna which can operate at the required frequency, 
for example 5.41 GHz, as shown in Fig. C.2; 
 - 257 -
2) Created a far field monitor at the required frequency, for example 5.41 GHz, 
as shown in Fig. C.3; 
3) After the transient solver simulation, then clink the ‘Properties’ for ‘Antenna 
array’ in ‘Farfield Plot’, as shown in Fig. C.4;  
4) Then enter the details for the antenna arrays, such as number of elements in 
each direction, spaceshift and phaseshift for each element, as shown in Fig. 
C.5. (please note that, in this condition, the values of current amplitude, 
spacesshift and phaseshift for each elements are equal); 
5) For different values of current amplitude, spacesshift or phaseshift, the ‘Edit 
antenna list’ can be selected, as shown in Fig. C.5. 
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Fig. C.2 The structure of dipole antenna 
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Fig. C.3 Created a farfield monitor at the requited frequency, for example 5.41 GHz 
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Fig. C.4 Antenna array properties in Farfield Plot 
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References: 
[1] C. A. Balanis, Antenna Theory, 3rd edition, Analysis and Design, John Wiley 
& Sons, Inc, 2005, pp. 349-362. 
[2] C. A. Balanis, Antenna Theory, 3rd edition, Analysis and Design, John Wiley 
& Sons, Inc, 2005. CD-ROM. 
 
 
 
 
Fig. C.5 Edit parameters for antenna array 
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APPENDIX D  
CST MICROWAVE STUDIO® 
CST Microwave Studio® is software that is used for simulating high frequency three 
dimensional problems. The main features of CST are the frequency domain solver, 
modal analysis, fast, accurate and memory efficient finite integral method, far-field 
calculation, broadband S-parameter calculation and solution of antenna problems. The 
versions used during the PhD research study were 2009, 2010 and 2011. 
 
D. 1. Instruction to Use CST Microwave Studio® 
CST model allows very simple to model creation, as a number of templates have been 
specified for antenna design. For instance, the template of an antenna for a mobile 
phone, as shown in Fig. D.1, is chosen to design a two port chassis-antenna. This 
template specifies the units, background, boundaries and bounding box. 
 
 
Fig. D. 1 Template of the project (Antenna for Mobile Phone) 
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As CST applies very high quality of graphic user interface (GUI) as shown in Fig. D.2, 
this feature makes it easy to use. The antenna is constructed using the polygons. The 
units, background properties, material, frequency, boundary condition, waveguide 
port, field monitor and transient solver parameters can be obtained from the “Solver” 
menu. For a two port chassis-antenna, the background properties are chosen to be 
normal, units are in mm and GHz, frequency from 0 to 3 GHz, and the boundary 
condition is set as “open (add space)” for all directions. These are shown in Fig. 
D.3(a-d).  
 
 
 
Fig. D. 2 GUI of the project 
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                                      (a)                                                (b)   
 
                                      (c)                                                (d) 
Fig. D. 3 (a) Units; (b) Frequency; (c) Background Properties; and (d) Boundary 
Conditions 
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APPENDIX E  
MICROWAVE OFFICE FROM AWR 
Microwave Office RF/microwave design software encompasses all the tools essential 
for high frequency IC, PCB and module design, including: 
 Linear circuit simulators 
 Non-linear circuit simulators 
 Electromagnetic (EM) analysis tools 
 Integrated schematic and layout 
 Statistical design capabilities 
 Parametric cell libraries with built-in design-rule check (DRC) 
. The versions used during this PhD research study were 2009 and 2010. 
 
E. 1. Instruction to use Microwave Office from AWR 
Microwave Office has simple interface. The linear circuit simulator is the main tool 
used for this work. The first step is to create “New Schematics”, shown in Fig. E.1. 
The second step is to check the units setting in “Project Options” in “Options”, as 
shown in Fig. E.2.  
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Fig. E. 2 Check units setting 
Fig. E. 1 Add a new schematic 
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Both “Optimizer”, shown in Fig. E.3, and “Tune”, shown in Fig. E. 4, are very helpful 
tools for designing a circuit in Microwave Office. 
 
 
Fig. E. 4 Tuner setting 
Fig. E. 3 Optimizer goals setting 
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Microwave Office not only provides simulation on ideal lumped elements, but also 
provides S parameters files for popular components from manufacturers, such as 
different types of capacitors, inductors, resistors, etc, shown in Fig. E.5. 
 
 
 
 
 
 
 
 
Fig. E. 5 S parameters files from manufacturers in Microwave Office Libraries  
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APPENDIX F  
ANTENNA PARAMETERS AND MEASUREMENT EQUIPMENT 
Antenna measurement is an important part of evaluating and verifying an antenna’s 
performance during the design procedure. There are several important parameters 
affecting an antenna’s performance, such as S parameters, radiation pattern, gain, 
antenna efficiency, and polarization, etc. All of these parameters can be measured by 
the use of the proper techniques and equipment. 
 
F.1. S Parameters 
S parameters, or scattering parameters [1], are the reflection and transmission 
coefficients between the incident and reflection voltage waves mostly operating at 
radio frequency and microwave frequencies. S parameters change with frequency and 
each parameter is typically characterized by a magnitude and a phase.  
 
F.2. Radiation Pattern 
An antenna radiation pattern or antenna pattern is defined as “a mathematical function 
or a graphical representation of the radiation properties of the antenna as a function of 
space coordinates. In most cases, the radiation pattern is determined in the farfield 
region and is represented as a function of the directional coordinates. Radiation 
properties include power flux density, radiation intensity, field strength, directivity, 
phase or polarization.” [2].  
 
The space surrounding an antenna is usually subdivided into three regions: (a) 
reactive near-field, (b) radiating near-field (Fresnel) and (c) far-field (Fraunhofer) 
regions [2]. Only within the far-field regions, the angular field distribution is 
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independent of the distance from the antenna. The far-field region is commonly taken 
to exist at distances greater than 22D from the antenna, where D is the maximum 
overall dimension of the antenna and λ is the wavelength. In general, the radiation 
pattern is determined by the far-field radiation properties and is represented as a 
function of the directional coordinates.  
 
The radiation pattern is three-dimensional, and can be displayed in a meaningful 
manner by 2D cuts or planes. For a linearly polarized antenna, performance is often 
described in terms of its principal E- and H-plane patterns. The E-plane is defined as 
“the plane containing the electric-field vector and the direction of maximum 
radiation,” and the H-plane as “the plane containing the magnetic-field vector and the 
direction of maximum radiation.” [2]  
 
F.3. Gain and Efficiency 
Three gains can be defined. The first one is referred to as directivity, D, the second 
one as antenna gain, G, and the third one as absolute gain or realized gain, Gabs. 
 
Directivity is defined as “the radio of the radiation intensity in the peak intensity 
direction to the averaged radiation intensity in all other directions.” [2]. It can be 
expressed as, 
anglesolidunitperradiatedpoweraverage
anglesolidunitperradiatedpowerD
______
_____),(                           (F.1) 
However, in IEEE standard definitions of terms for antennas [3], Directivity is 
defined as “the ratio of the radiation intensity in a given direction from the antenna to 
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the radiation intensity averaged over all directions.” and “if the direction is not 
specified, the direction of maximum radiation intensity is implied.” [3] 
 
Gain is defined as “the ratio of the intensity, in a given direction, to the radiation 
intensity that would be obtained if the power accepted by the antenna were radiated 
isotropically.” [2]. In equation form this can be expressed as: 
poweracceptedinputtotal
anglesolidunitperradiatedpowerG
_)_(_
_____),(                                           (F. 2) 
or     ),(),(  DeG cd                                                                                          (F.3) 
where ecd is antenna radiation efficiency, which includes conduction efficiency and 
dielectric efficiency. According to the IEEE Standards [3], this gain does not include 
losses arising from impedance mismatches and polarization mismatches; if the 
direction is not specified then the direction of maximum radiation intensity is implied.  
 
The other gain, named as “absolute gain” or “realized gain”, takes into account the 
reflection/mismatch losses, and it can be written as, 
),(),(  DeG oabs                                                                                                 (F.4) 
where eo is antenna total efficiency, which includes reflection efficiency and radiation 
efficiency and can be expressed as erecd. Please note that the realized gain does not 
include losses due to polarization mismatch between two antennas in a complete 
system [3].  
 
F.4. Polarisation 
Polarization is “the sum of the electric field (E-plane) orientations over time projected 
onto an imaginary plane perpendicular to the direction of motion of the radio wave”, 
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[2]. There are three polarisation, which are linear polarisation, circular polarisation 
and elliptical polarisation. The polarisation is expressed with reference to the electric 
field. “Co-polarisation represents the polarization the antenna is intended to radiate 
(receive) while cross-polarisation represents the polarisation orthogonal to a specified 
polarization, which is usually the co-polarization.” [2] 
 
F.5. Measurement Equipments 
S parameters can be measured using vector network analyzer (VNA), shown in Fig. 
F.1.  
 
 
The radiation patterns (amplitude and phase), polarization, and gain of antenna, which 
are used to characterize the radiation capabilities of an antenna, are measured using 
the typical instrumentation, shown in Fig. F. 2. Such an antenna range instrumentation 
must be designed to cover a wide range of frequency operation band, and it usually 
can be classified into five categories [4] as below: 
Fig. F. 1 Picture of vector network analyzer 
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1. source antenna and transmitting system 
2. receiving system 
3. positioning system 
4. recording system 
5. data-processing system 
For all the antennas design during this work, their radiation patterns and gain were 
measured inside an anechoic chamber in N510, School of Electronic, Electrical and 
Computer Engineering, University of Birmingham.  
 
F.6. Gain Measurement 
In this research study, the gain measurement method is three-antenna method [2]. 
Except the unknown antenna, denoted as “uk”, the other two known antennas are 
denoted as “A” and “B”. The external dimension of the used anechoic chamber for the 
antenna gain measurement is 4L*3W *2H m3. The antennas were located almost 2 m 
from each other. Equation (F.5) and (F.6), based on Friis formula, is used to calculate 
the realised gain of the antenna. 
     
dBBAdBBdBA
SRGG ,2110
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                                                 (F.6) 
where GA and GB are gain for the two known antennas and Guk is gain for the 
unknown antenna. λ is the wavelength of the frequency measurement and R is the 
distance between two antennas. BAS ,21  and ukAS ,21  are the transmission losses which 
are available from the measurements. By calculating (F.6) and substituting it in (F.5), 
the gain of the unknown antenna can be determined as (F.7): 
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Fig. F. 2 Block diagrams of typical instrumentations for measuring antenna patterns [2] 
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APPENDIX G  
MANUFACTURE OF ANTENNAS 
G.1. Printed Circuit Broad (PCB) 
In recent times, printed antennas have attracted increasing interest due to their simple 
manufacture. The most economic way to build a printed circuit broad (PCB) is 
photoengraving, which uses a photomask and etchant to selectively remove a 
photoresist coating. The remaining photoresist protects the copper foil. Subsequent 
etching removes the unwanted copper. If you are using “Pre Coated FR4” as the PCB 
material, then you will need to create a “Photo Positive” master. However, if you use 
“Duroid” or a similar uncoated substrate, then the process to coat this material is 
different, in that a “Photo Negative” artwork is required and you will need to ensure 
you design your layout accordingly. 
 
G.2. 3D Antenna Manufacture 
In this thesis, a series of 3D conical monopole antennas have been demonstrated. 
Those antennas were machined from solid, by first machining the outer shape from a 
stock copper rod, then drilling the centre hole using a CNC lathe. A small ball nose 
milling cutter on a CNC miller was then used to machine the internal shape of the 
cone. The antenna slots were machined individually using 0.5mm cutter with the 
blank cone mounted in a special fixture. Low cost production would depend on the 
intended frequency range and hence size. For smaller size the antennas could use die 
casting. Larger size could be produced by rapid prototyping. Alternately if the cone 
shape is altered at the expense of bandwidth several possibilities exist. A straight cone 
with circular cross section can be made by wrapping thin flexible PCB over a former. 
A straight cone with square cross section can be made from four triangular printed 
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circuit boards, as demonstrated in Chapter 6. This then allows simple loading of each 
slot with a varactor diode and other components. 
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APPENDIX H  
COMPONENTS DATA SHEETS 
H.1. Microwave Substrate Material – Taconic TLY-3-450-C5  
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H.2. Chip Capacitor – 0603 from AVX 
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H.3. Chip Inductor – 0402 CS Series (1005) from Coilcraft 
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H.4. Varactor Diodes – from Microsemi 
H.4.1. MV31009-150A 
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H.4.2. MV34003-150A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
